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Abstract

The perceived nature conservation value of canals has increased considerably over the
last 20 years, in parallel with the loss of natural habitats and a growing interest in the
restoration of waterways for recreational boating. Two options for the management of
navigable canals as a nature conservation and fisheries resource are examined in detail. The
first concerns the reduction of boat traffic effects through the provision of refuges in
sidewaters while the second deals with habitat enhancement as a means of mitigating the
ecological impact of high traffic densities.

Quantitative surveys of vegetation in 179 sidewaters and adjacent sections of mainline
canal channel were undertaken during 1990. Sidewaters provided shallow standing water
habitats, extensively colonised by tall stand-forming emergent vegetation. Species richness
was generally greater than comparable main channel sites due to the increased number of
herbaceous marginal species. Standing crops and species richness of submerged and
floating-leaved vegetation, which are the main nature conservation priority and the most
traffic sensitive component of the flora, did not differ between sidewaters and the main
channel. There was a parallel decline in vegetation cover and biomass in the channel and in
sidewaters with increasing traffic density. Stepwise multiple regression identified traffic
density, turbidity and the extent of hardened bank as the main determinants of vegetation
standing crop in the main channel. In the more wave-buffered sidewaters traffic was
generally subordinate to depth characteristics, bank profile and turbidity. Pairwise
differences between mainline and sidewater vegetation were best explained by differences
in average depth, degree of shading and bank hardness. Canonical correspondence analysis
indicated that conductivity, livestock activity, aspect and regional relief and geology were
important additional influences on vegetation composition in both habitats. Benthic
invertebrate population densities were low during the summer and did not differ
significantly between sidewater and the main channel. Siltation and the formation of soft,
fertile and anoxic sediments appeared to be a major control on vegetation and invertebrate
communities. Poor substrate anchorage is likely to have promoted the observed dominance
of floating Glyceria maxima mats. It is considered unlikely that sidewaters can retain
representative and viable examples of low traffic floras at high traffic densities, unless
elaborate structural modifications are made to a site so as to isolate it from the main
channel. Management of sidewaters should be directed towards habitat provision for fish,
plus general ecosystem enhancement through the input of emergent plant litter to the main
channel which may subsequently stimulate invertebrate production.

Large scale addition of stone to a section of the heavily trafficked Middlewich Branch
(14000 my), intended to restore substrate stability and heterogeneity, was followed by
extensive colonisation of a range of epibenthic invertebrate taxa which were formerly of
very restricted distribution, most notably the amphipod Corophium curvispinum. The
interstitial infauna also benefited from added stability, but may have been subject to
increased predation pressure from leeches, the alder-fly larvae Sialis or the facultative-
predatory gammarids. Bed stabilisation and use of boarding to buffer boat wash also
sustained higher standing crops of Potamogeton pectinatus than open, unstoned areas, due
to the reduction in biomass losses impsed by high summer traffic movements. Fish
exclosure experiments suggested that stone-associated animals were not excluded from silt
substrates by fish predation. Fish stocks, predominantly small roach and gudgeon, showed
evidence of concentration along channel margins during the day. Analyses of gut contents
revealed that fish caught over stoned areas contained a higher proportion of animal prey in
their diet and may therefore have benefited from the increased availability of nutritionally
superior food. However, cyprinids did not consumeCorophium, possibly due to digestive
constraints or handling or detection difficulties. Perch and ruffe utilised a range of strongly
stone-associated prey, although 0+ perch were heavily dependent on cyclopoid copepods.
2+ perch were rare and wholly piscivorous. Recommendations are given regarding the use
of stoning to manipulate the invertebrate food base as a possible route for improving
fishery quality. A fuller understanding of density-dependent processes is urgently required
to assist decisions over interventionary stocking.



I have again taken up something impossible - water with grass rippling

at the bottom. It's fine to look at, but it's madness to want to paint it.

Oh well, I'm always getting into such things.

Claude Monet in a letter to his friend Gustave Gefroy, 22 June 1890.
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CHAPTER 1

Introduction



1. Canals as a habitat

Canals represent an artificial and unique environment. They have no natural

equivalent and defy simple classification as a lentic or lotic habitat. Despite their river-like

outward appearance, they are characterised by only a slow passage of water, the primary

hydraulic objective being to retain rather than convey water, and they are therefore more

akin to a chain of linear ponds. The few sections with appreciable flow are usually

adjacent to lock bye-weirs or inflows from feeder channels. Consequently a depositional

state predominates, with the greatest physical heterogeneity acceptable for the purpose of

navigation being confined to the cross-sectional variation in depth. Impoundment of water

by locks has also allowed canals to traverse watersheds, thus connecting otherwise

isolated river catchments. The superficial similarity between canals and the steep-sided

straightened channels characteristic of heavily engineered rivers suggest that canals, in

many respects, represent the antithesis of nature conservation ideals. An unusual

combination of physical characteristics, maturity and an inadvertently sympathetic artificial

disturbance regime do however, provide the basis for considerable ecological interest.

2. A brief history of canals in Britain

In Britain, navigation had been established on many rivers by Roman times and

intensified in the fifteenth and sixtenth centuries (Skempton, 1984). The 3700km of canals

proper (ie. artificial cuts) designed to connect with or in some cases replace these river

navigations were built almost entirely between 1757 and 1894, with a peak phase of

construction from 1780-1820. In the mid to late nineteenth century, when waterborne

trade and communication reached a peak, the network of canals and rivers in Britain

provided about 6400Iun of navigable waterway (Hadfield, 1979). Most canals were built

shallow (1.2-1.6m deep) and narrow (10-15m wide), to minimise construction costs by

providing no more than the depth and width required for two laden boats to pass. Initial

designs featured circuitous routes tailored to a fixed contour but were later superceded by

a straight course exploiting embankments, cuttings and tunnels which allowed journey

times to be reduced. Since all boats were horse-drawn at the time of canal construction, a

towpath adjacent to the channel was necessary to provide continuous access. Propellor-

driven craft progressively replaced horse traction from the late nineteenth century

onwards. Canals were used principally for the transfer of agricultural products, coal,

timber and other raw materials between rural areas and towns, ports and manufacturing

centres and were therefore concentrated in the more heavily populated lowland regions of

central England, often following the courses of river valleys. The trans-Pennine routes

provided by the Rochdale and Huddersfield Narrow Canals, which ascend to altitudes

above 200m, are exceptional.

1
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Large-scale railway construction began in the mid-nineteenth century and was

gradually followed by a decline in canal transport. About 800km of channel were

subsequently lost through dereliction and abandonment, or infilling for agriculture or

industry. More recently other canals have become truncated or isolated by road building

schemes, but a significant length of inland waterway has remained largely intact, partly by

virtue of its supplementary role in land drainage and water supply. Nowadays freight

carriage is confined to a very small fraction of this system. In the immediate post-war

period however, canals began to be used increasingly for recreational purposes by

propellor-driven pleasure boats and by the early 1970s their new use as a leisure resource

was firmly reestablished. This paralleled a more general increase in countryside-based

recreation associated with reduced working hours and greater mobility (Patmore, 1976).

Recreational traffic continued to increase until the late 1980s, fluctuating in accordance

with the economic climate, in some cases restoring traffic to or even beyond the densities

experienced during the heyday of waterborne freight transport in the nineteenth century

(eg. Murphy et al., 1982; Stabler & Ash, 1978). Furthermore, in contrast to the original

year-round traffic, the new demand for recreational boating produced a strongly seasonal

pattern of usage, formerly found only on the Norfolk Broads, a few lakes such as

Windermere and some rivers such as the upper Thames (Thames Water Authority, 1980;

Price, 1977; Broads Authority, 1982), with 90% of recreational boat movements now

concentrated in the period May-September (Figure 1.1). Since this coincides with the main

growth and activity period of most aquatic biota, the potential for ecological impact from

recreational boating is considerable.

3. The canal resource

The surviving canal system, extends froM Inverness-shire to Cornwall. About 90%

of this was nationalised under the 1947 Transport Act, in addition to c.550km of river

navigations, and in 1962 became the responsibility of the British Waterways Board (BW).

The 1968 Transport Act laid down objectives for BW's undertaking and classified the

canals under three categories, namely;

1. Commercial - to be principally available for commercial carriage of freight.

2. Cruising	 - to be principally available for cruising, fishing and other

recreational activities.

3. Remainder - to be managed in the most economical manner consistent with the

requirements of public health, amenity and safety.

3



Table 1.1. Classification of waterways managed by British Waterways in
1993 (from information supplied by BW). Lengths in km.

CLASS	 Canals	 Rivers	 TOTAL

Commercial 206 419 625

Cruising 1712 169 1880

Remainder 731 1 732

TOTAL 2649 589 3238

In the past three decades, various small lengths have been added to or released from

British Waterways' control. 140km of remainder canal have been upgraded to Cruising

status and most other Remainder canals are now the subject of restoration schemes, which

are at varying stages of progress. Today British Waterways controls over 3200km of

waterway as classified in Table 1.1.

Commercial waterways embrace ship canals (eg. Gloucester & Sharpness, Crinan

and Caledonian) and most of the river navigations - notably those of the north-east (eg.

River Trent, Sheffield & South Yorkshire Navigation and Aire & Calder Navigation). The

latter comprise lengths of canalized or semi-natural river, often interspersed with short

artificial cuts. Channels are of necessity broad (>20m), deep (3-5m) and often vertical-

sided and contain little aquatic vegetation (Haslam, 1978; pers. obs.). Although some

Commercial waterways, such as the Gloucester & Sharpness Canal, are now used

extensively for recreational boating, their dimensions are atypical of British canals in

general (although they are more representative of canals in other parts of the world). Until

quite recently some urban sections of these waterways also suffered from chronic

industrial pollution. River Navigations of cruising status such as the Stort, Witham and

Soar are distinct from most canals due to a flow which is variable but generally much

faster than that in canals, and a greater structural diversity in the cross-sectional plane.

Hence this study is concerned exclusively with BW canals in the conventional sense. ie .

the non-riverine artificial Cruising and Remainder waterways. Some 39km of waterway

represented by four Remainder canals, the Swansea, Cromford, St. Helens and

Monkland, have also been excluded. These comprise mainly short, isolated lengths which

have been extensively culverted, dewatered or infilled and are now largely outside the

4



control of BW. Reference is also made to several independently managed canals which

have comparable dimensions to BW cruising or remainder canals, such as the Basingstoke

Canal, reopened to navigation in 1992 and the Rochdale Canal, where restoration is at an

advanced stage. Both have a high nature conservation status and are therefore topical in

view of the interest and conflicts generated by restoration projects (Byfield, 1990; West,

1992).

4. Canals, natural history and nature conservation

Since the first meticulous recordings of Victorian naturalists, enshrined in herbarium

sheets, diaries and county floras from the last century, it has been clear that canals offer a

unique freshwater habitat which can support highly diverse communities of aquatic plants

and associated macroinvertebrates (eg. Boycott, 1936; Boycott & Oldham, 1936; Shaw,

1963; Lousley, 1976). With a towpath convenient for close observation, interest centred

on those canals which supported a large range of native plant species and therefore offered

a satisfying days' botanising for specimen-hungry plant collectors. Since canals often

traversed geological boundaries which would normally separate natural water bodies, a

single canal could incorporate a wide range of water types. The remarkable diversity of

aquatic plants found in the Basingstoke and Montgomery canals, recently estimated to be

the two most macrophyte-rich water bodies in Britain (Byfield, 1990), is here partly

attributable to their unusual combination of base-rich and mildly acid waters (Briggs,

1988; West, 1992). It is evident from the wealth of plant records and herbarium

specimens that even in their industrial heyday, levels of horsedrawn traffic on many canals

were compatible with the retention of a diverse aquatic flora. A few remaining sections of

waterway still used solely by horse-drawn traffic, such as the macrophyte-rich feeder

length of the Llangollen canal, are a contemporary reminder of these times. Historical

records confirm that, at one time or another, canals contained representatives of almost the

entire British lowland freshwater flora, including several extremely local hybrids. Despite

a number of losses, there are still post-1980 records of 68% of the 189 species which

comprise the complete British aquatic flora, as defined by Palmer & Newbold (1983).

Urban sections of canal were often colonised by alien species, either introduced

inadvertently with textile imports (eg. Potamogeton epihydrus; Shaw, 1963) or discarded

by aquarists (eg. Lagarosiphon major and Egeria densa; Kent, 1955; Vallisneria spiralis;

Edwards, 1961). These plants frequently thrived in waters thermally polluted with

condensed steam from the adjacent mills (Edwards, 1961; Shaw, 1963) and many alien

species have a long recorded history in canals (eg. Weiss & Murray, 1909).

Through increased exchange of scientific information, greater mobility and a

tradition of intensive recording and collecting, naturalists were soon also alert to the

spread of plants and invertebrates along the interconnecting corridor which canals



provided. Boycott (1936) for example, when discussing range extensions in freshwater

molluscs, stated that:

"...about the middle of the last century a snail could start in the Thames at
London and travel in uninterrupted water to Norfolk or Leeds or Kendal
or Newtown in Montgomery or Hereford or Trowbridge, or by slipping
into the upper waters of the Avon in the Vale of Pusey even to
Christchurch or Southampton"

Scarce or alien species, which were most conspicuous in new localities, were again the

focus of attention, particularly when, in the case of plants such as Elodea canadensis, their

rapid spread and growth caused serious weed problems for navigation which necessitated

manual control (Walker, 1912; Simpson, 1984). Other well documented examples of

dispersal via canals are provided by waterplants such as Luronium natans, Lousley, 1970;

Willby & Eaton, 1993;Callitriche hennaphroditica; Lousley, 1970; Alisma lanceolatum,

Lausley, 1976; impatiens capensis, Trewick & Wade, 1986, plus a variety of

macroinvertebrates, notably the Malacostraca (eg. Hynes, 1955a; Macan, 1974, Holland,

1976; Pygott & Douglas) and Mollusca (eg. Boycott & Oldham, 1936; McMillan, 1990).

Canals also brought into contact normally isolated species of plants, thereby providing

unique opportunities for hybridization and subsequent dispersal of hybrids in the absence

of the parent species, as is classically illustrated by the Potamogetonaceae (Dandy, 1975).

Today the effect of canals on distribution patterns is often most striking in areas naturally

depauperate in small, nutrient-rich lowland water bodies such as the Scottish rift valley or

intensively agricultural counties with predominantly permeable bedrock eg. Wiltshi re. In

these areas, many species reproduce the characteristic regular line of a canal when plotted

on 10x10km gridsquare maps. Potamogeton friesii provides one of the best examples

although normally commonplace species, such as Glyceria maxima, may also be almost

entirely confined to canals in some regions (eg. Watson & Murphy, 1988).
•

In the post-war period and especially since the late 1970s, there has also been a

growing appreciation of the value of canals as a nature conservation resource. This has

paralleled a period of severe loss or deterioration of many lowland wetland and aquatic

habitats (NCC, 1984), graphically portrayed, for example, by Shoard (1982), Purseglove

(1988) and Caulfield (1991), but especially well documented in the case of ponds (eg.

NCC unpubld; Langton, 1989; Anderson, 1992; Heath & Whitehead, 1992). The pathetic

statistics of habitat loss are also reflected by serious declines in the status of many species

of aquatic plants, dragonflies and breeding bird populations (see NCC, 1984). The

underlying causes are diverse, but are normally linked to activities such as drainage,

organic pollution, eutrophication, flow regulation and river channelisation which are

associated with changes in local landuse and management practices (eg. Driscoll, 1986;

Moss, 1986; Mountford & Sheail, 1989; Holmes, 1990). Consequently, in the heavily
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populated, mainly lowland counties of central England, canals may now represent the best

examples of an intact, mature semi-natural vegetation once widely characteristic of ponds

or sluggish lowland rivers, as well as providing a refuge for scarce and declining species

(Hanbury, 1986; NCC, 1989).

The increased nature conservation status now accorded to canals is representative of

artificial habitats in general, including reservoirs, grazing marsh ditches and flooded

gravel pits and quarries (Green, 1985, Gilbert, 1989; Ward, 1990). This is illustrated by

the change in the number of sites and length of channel statutorily protected in SSSIs

(Figure 1.2). The rapid post-1980 rise in the rate of canal notification compared to habitats

on a national scale may reflect a growing awareness of the importance of some sites and in

some specific cases a legislative response to the more immediate perceived threat from the

restoration of long abandoned canals to navigation. Even since 1986, when a substantial

further increase in the length of canal SSSIs was felt to be unlikely (BW & NCC, 1986),

the total length notified has grown by more than 50%, although this has admittedly

included several non-BW managed canals. Current attitudes to canals however, contrast

starkly with those of the 1950s, when conservationists were very reluctant to recognise

the importance of this artificial habitat, as described by Crackles (1985) in an account of

her efforts to secure protection for the Leven Canal, one of the earliest canal SSSIs.

5. Canal ecology and boat traffic

Canals combine a number of features which make them potentially highly favourable

environments for the growth of aquatic macrophytes. These include clear, shallow, well lit

water (Westlake, 1966), rich in plant nutrients (Murphy, 1980; Pygott, 1987), a soft, silty

and organic-rich rooting medium (Haslam, 1978; Sand-Jensen & Sondergaard, 1979) and

sufficient flow to prevent localised nutrient depletion, but without imposing a mechanical

stress on biomass production (Westlake, 1967; Boeger, 1992).

High flows or periodically scouring floods, which are the main disturbance

influence on riverine vegetation (Haslam, 1978), are replaced in canals by an artificial

disturbance regime. Disturbance by boat traffic is the main factor regulating the growth

response of aquatic vegetation in canals (Murphy & Eaton, 1983) and may therefore be

thought of as the introduction of high energy fluid forces into an essentially low energy

environment (Garrad & Hey, 1988a). Where this disturbance is missing or inadequate to

maintain a reasonably clear channel, regular direct intervention is therefore usually

essential (Murphy, Eaton & Hyde, 1982). Derelict, reed-filled channels testify to the

rapidity of change when a disturbance regime is withdrawn altogether. It is perhaps the

interaction between artificial disturbance and the unique physical attributes of the canal
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Figure 1.2. Change in number and length of canal SSSIs 1953-94
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habitat that best accounts for the remarkably high species diversity and nature conservation

value of some canals. Lousley (1976), for example, paints the following picture of the

Surrey length of the Basingstoke Canal between 1925 to 1940;

" Light use of a canal by horse-drawn barges is ideal for
plants 	 Barges were passing up and down from Aldershot to the
Thames; excessive weed was cut; the pounds were dredged in turn to
remove accumulated silt or, at longer intervals, drained and dug out.
Thus there were always sections in various stages of recovery offering
a wide range of conditions, with just enough barge traffic to keep the
channel clear. Pondweeds thrived best in the clear water for about two
years after dredging or cleaning - Potamogeton natans, lucens,
gramineus, alpinus, perfoliatus, obtusifolius and pectinatus and
Groenlandia densa were amongst those found regularly...The length
of the canal in Surrey was ample for two full days of botanising, with
a wonderful show of flowers and never a dull moment."

Two main approaches have been used to investigate the impact of disturbance by

boat traffic on canal ecosystems, in particular their plant communities. The first is based

on an extensive survey of a large number of sites covering a wide range of traffic densities

where sites are chosen to minimise the influence of external variables such as shading and

water pollution (Murphy, 1980; Pygott, 1987). Boat movements are quantified using data

from lockage counters, adjusted to take account of lock sharing and alternation, to give

annual linear traffic density (my). To remove the additional variable of channel size, linear

movements (range 0-14000my) are subsequently standardised to a hypothetical channel

cross-sectional area of 10m-2 (10m wide x lm deep) and expressed in units of

movements ha- l m depth- 1 yr- 1 (Murphy & Eaton, 1983), abbreviated for convenience to

mhy. The second approach is to chronologue major changes in vegetation at well

documented sites using photographic evidence and historical botanical records and to

relate these changes to shifts in patterns of use. Murphy, Eaton & Hyde (1982)

successfully used this approach to assemble a picture of macrophyte community decline at

several sites on the Shropshire Union Canal system. Either approach provides

indisputable evidence that heavy boat traffic results in ecological impoverishment, but the

latter approach, which avoids the complication of additional variables, is often the most

persuasive.

Unnavigated or very lightly boated canals (<200mhy) are prone to excessive

growths of submerged or floating-leaved plants (Murphy, Eaton & Hyde, 1980). Siltation

and accumulation of organic matter may accelerate loss of depth and assist encroachment

of emergent vegetation (usually Glyceria maxima), which ultimately forms a continuous

reedswamp (Twigg, 1959; Lousley, 1976). Prior to this stage, dense aquatic vegetation

may create a variety of problems, including obstruction of water flow (Pitlo & Dawson,

1990), visual intrusiveness (Eaton, 1986) and deoxygenation stress leading to fish kills
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(Hejny & Husak, 1978; Pygott et al., 1990). This may severely limit the recreational

potential of a waterbody by interfering with boat movements and angling (Murphy &

Eaton, 1981a). Techniques for the management of vegetation in Remainder canals, used

principally for water supply and land drainage, include herbicide treatment (eg. diquat-

alginate, glyphosate), manual or mechanical weed clearance or cutting and land or water-

based mechanical dredging (Murphy, 1980) and stocking with herbivorous fish such as

grass carp (Fowler & Robson, 1978). Case studies of these approaches, including their

timing, application, efficacy and ecological side effects are provided by Murphy & Eaton

(1981b); Murphy, Hanbury & Eaton (1981), Hanbury, Murphy & Eaton (1981), Eaton,

Murphy & Hyde (1981), Eaton & Freeman (1982) and Murphy, Fox & Hanbury (1987).

Comparative trials have allowed the development of control techniques which are broadly

acceptable in nature conservation terms, while dredging and large scale mechanical

clearance may, at least temporarily and inadvertently, actually enhance the nature

conservation value of the channel, as is clear from the above comments by Lousley (see

also Harris, 1988).

Techniques utilised in other artificial standing water sytems with a similar capacity

for rapid hydroseraI succession, such as grazing marsh ditches and drainage channels,

may also be relevant to the management of vegetation in these canals. Effects on aquatic

vegetation are again well established and documented, based for example on studies of the

Monmouthshire Levels (Wade, 1978; Wade & Edwards, 1980) or the Dutch polders (eg.

Beltman, 1984; van Strien et al., 1991). The management of aquatic vegetation in lowland

water courses in general is reviewed in detail by Pieterse & Murphy (1990). Chronic

aquatic plant problems are essentially a feature of very lightly used canals, which now

represent a relatively minor part of the total navigable system and are likely to decline even

further in extent over the next decade as restoration projects gather momentum and these

waterways are recruited back into the network. Since an ecological basis for the

management of lightly trafficked to unnavigated canals appears to be largely already

defined (either directly or by extrapolation from other comparable habitats) these

waterways are not considered further in this thesis.

Pygott (1987) identified an optimum traffic range for macrophyte diversity of 200-

600mhy, although in line with the findings of Murphy (1980), diversity also remained

high at 1000-2000mhy. In this approximate range, the disturbance caused by boat

movements alone is sufficient to reduce plant biomass to levels compatible with a diverse,

aquatic plant-rich ecosystem often of considerable conservation value (Murphy & Eaton,

1983; Pygott, 1987; Willby & Eaton, 1993). The underlying mechanism here appears to

be a disproportionate reduction in the biomass of competitively superior, tall, aggressive

stand-forming reedswamp species such as Glyceria maxima, or dense beds of fragile

10



elodeids such as Elodea nuttalli or Ceratophyllum demersum, followed by increased

abundance of a larger number of more disturbance-tolerant but less competitive species

(Pygott, 1987). Observations suggest that the combined effects on plant biomass and

species richness of a small but relatively frequent disturbance (c.1000 boat passages) may

be equated to the mid-point of a recovery gradient following a much larger but very

infrequent disturbance such as dredging (cf. Pickett & White, 1985).

The familiar coincidence of maximum species diversity with an intermediate level of

biomass is in accordance with studies from a range of terrestrial plant communities (Al-

Mufti et al., 1977) and those based specifically on fen or wetland systems (Vermeer &

Berendse, 1983; Wheeler & Oilier, 1982; Wheeler & Shaw, 1991) and is consistent with

suggestions that disturbance, caused for example by mowing, ditch cleaning or reed

harvesting, leads to increased species diversity through release from dominance

mechanisms (Oomes & Mooi, 1981; van Strien et al., 1991; Wheeler & Shaw, 1991).

Since a common aim of conservation management is to optimise biomass and species

richness, light boat traffic is compatible, albeit inadvertently, with nature conservation

goals (Willby & Eaton, 1993). A similar level of biomass apparently satisfies statutory

requirements with regard to water flow and land drainage (Murphy & Eaton, 1981a).

Light boat traffic or vegetation management reduces nuisance weed growths, removes the

visual monotony of extensive monodominant plant stands or water-surface cover and

leads to increased diversity of colours, shades and structure, all of which translates to

improved aesthetic quality (Eaton, 1986). Anglers also regard submerged plant biomass

associated with the traffic range 1000-2000mhy as providing sufficient cover for fish

without disrupting their sport (Murphy & Eaton, 1981a). There thus appears to be a

relatively narrow band of traffic densities, in the order of 500-2000 mhy, where nature

conservation, pleasure angling and recreational boating can coexist in an environment

which is aesthetically pleasing to the formal and informal canal user alike.

Traffic densities of about 2000mhy represent an apparent threshold beyond which

TSS loading increases steeply from a background average of about 18mg1- 1 to

concentrations which increasingly restrict the growth of submerged plants, due to their

light attenuating effects (Murphy & Eaton, 1983; Pygott, 1987). Frequent disturbance by

craft passages leads to exclusion of vegetation from the central channel, at the same time

curbing lateral expansion of fringing reedswamp (Pygott, 1987). Contraction of the

hydrosere with increasing traffic densities strongly curtails its value as a nature

cOnservation resource due to the loss of plant biomass and species richness. The habitat

support function and aesthetic role of aquatic vegetation is similarly depressed (Eaton,

1986) and the efficiency of emergent vegetation as a natural barrier against bank erosion is

greatly reduced (Garrad & Hey, 1988a). Consequently, at traffic densities exceeding
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3000mhy, very few canals offer more than local nature conservation interest while above

5000mhy the channel-based community is generally so severely degraded that it differs

little from that found in the most rigorously engineered lowland rivers.

The distribution of waterway lengths by traffic categories (Figure 1.3) has changed

significantly since 1977, when it was last described (Murphy & Eaton, 1981) (X2=210.3

df=4; P=0.0001). The main feature of this change has been a reduction in the length of

unnavigable or only very lightly trafficked waterway, due to restoration or upgrading, and

a marked shift towards relatively high traffic densities, through a combination of increased

traffic on formerly light-moderately trafficked canals and an increase in the overall number

of boats registered to use the system (Figure 1.4). In 1992, about one quarter of the length

of Cruising and Remainder waterways (including river navigations) administered by

British Waterways, carried boat traffic at densities exceeding 6000 my, a doubling of the

proportion of the network in this traffic class since 1977. On 7% of the system,

representing 190km of canal, boat traffic now exceeds 10000 my (British Waterways,

1992) and on some lengths of the Shropshire Union Canal it may rise as high as 12-14000

my.

Several waterways, notably the Basingstoke Canal, and the Montgomery Canal,

have long been renowned for the diversity of their aquatic flora. The loss of natural

aquatic habitats has further amplified their importance for many declining species.

Unfortunately, under present systems of economic valuation, the largely intangible

benefits of nature conservation, do not, on their own, appear able to offer a sufficiently

strong case for upholding existing standards of waterway maintenance or for restricting

traffic densities to the optimum range of 200-600mhy (Pygott, 1987) unless potential loss

of revenue can be compensated. Consequently, growing demands for recreational boating

facilities over thelast decade have provided an impetus for restoration campaigns and a

financial and therefore powerful argument for the retention and upkeep of derelict canals

with a long-term view to renewed navigation.

Lightly trafficked canals have formed the subject for numerous species inventories,

multidisciplinary surveys and studies of community ecology, successional processes and

applied vegetation management problems. The volume of information pertaining to the

ecology of this type of canal, though not surprising, is highly disproportionate to its

contribution to the overall waterway network. This bias has become accentuated as traffic

densities have increased and has exposed a conspicuous deficiency in our knowledge of

the superficially less interesting, but increasingly common, environment of moderate-

heavily trafficked canals. Detailed production studies by Staples (1992), at a site on the

very heavily-trafficked Shropshire Union Canal, provide a suitable basis for an
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understanding of the structure and functioning of these ecosystems and the pinpointing of

areas with potential for manipulation and enhancement. Ecologically-based management

options for this group of canals form the focus of this thesis.

6. Heavily trafficked canals as a habitat.

Highly concentrated boat traffic produces marked physical and ecological changes in

freshwater ecosystems by a number of mechanisms, related directly or indirectly to contact

of the hull with the channel bed or plants, the churning action of the propellor over a fine,

unconsolidated sediment and the impact of boat wash on soft and erodible or hard and

reflective banks (Liddle & Scorgie, 1980). These mechanisms are described in detail in

Chapter 2.

Physical characteristics of heavily trafficked canals therefore include:

(i) turbid water owing to high total suspended solid concentrations (often in excess

of 80mg/1) which are sustained throughout the main summer daytime boating

period (Pygott, 1987; Staples, 1992),

(ii) soft, accreting, well mixed and aerated, organically-poor sediments, dominated

by fine sands and silt (Willby, 1989; Staples, 1992). Disturbance results in the

sorting and burial of coarse, hard material, leading to loss of substrate

heterogeneity at the surface of the canal bed. Selective deposition of resuspended

sediment, usually on the offside of the main channel, often creates an asymmetric

channel profile,

(iii) extensive use of hard reflective vertical bank protection such as sheet trenching

to combat bank erosion from breaking boat-wash.

The ecological characteristics of heavily boated canals probably depend more on

indirect boat-induced changes in the substrate and light environment and the interrelated

decline and shift in patterns of primary production than on the immediate mechanical

effects of boats themselves (Chapter 2). Heavy boat traffic results indirectly in:

(i) the elimination of all but the most tolerant aquatic vegetation. Where present,

submerged macrophytes usually consist exclusively of low density beds of

Potamogeton pectinatus, confined to the channel margins. Emergent marginal

vegetation comprises fragmented or receding stands, mostly of Glyceria maxima

or Carex acutifonnis but is additionally restricted by loss of habitat due to bank

engineering (Murphy & Eaton, 1983; Edwards et al., 1987). The reduction in

macrophytic vegetation is the most obvious modification to the ecosystem which

accompanies increasing boat traffic,
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(ii) low population densities of invertebrate species which are usually widespread

and abundant in soft-bottomed, depositional environments. Benthic faunas are

species-impoverished and simply structured around allochthonous detrital inputs

(Staples, 1992). Obligate, submerged plant-associated taxa are either very scarce

or absent (Edwards eta!. 1987; Staples, 1992),

(iii) a reduced standing crop of fish, dominated in terms of numbers by

underyearling roach and gudgeon. Stocked common carp and bream may also be

locally important in biomass terms. Older roach are both scarce and, due to diet-

induced stunting, relatively small for their age (Pygott et al. 1990).

7. Environmental obligations and the need for habitat improvement

British Waterways, as a landowner, is subject to the provisions for SSSIs contained

in the 1981 Wildlife & Countryside Act. Although not specifically mentioned, the

organisation also seeks to operate in the spirit of legislation relating specifically to the

water authorities and internal drainage boards. Thus the 1989 Water Act requires that these

bodies should

"further the conservation and enhancement of natural beauty and the
conservation of flora, fauna and geological or physiographical features of
special interest."

In line with the recommendations of the House of Commons Environment Committee

(1989), British Waterways has drafted a private bill imposing upon itself a similar duty.

At very high traffic densities, full 'restoration' to a diverse, plant-rich ecosystem,

characteristic of lightly boated canals, could be attained only by massive cuts in traffic.

Politically and economically this is an unacceptable solution. Nevertheless, besides

statutory duties, there are strong arguments for enhancing the environment of these canals,

namely;

i. heavily trafficked waterways have a high public profile and form the basis for

public perceptions of canals in general. Although their nature conservation value is

often minimal, wildlife and the quality of the natural environment are frequently

cited as key ingredients in the attractiveness of the waterways in general to a

variety of user groups from boaters to towpath walkers,

ii. they support valuable recreational and match coarse-fisheries which contribute

the bulk of BW's income from angling licences and club leases (£0.6m p.a.). It is

recognised that fisheries will never be a major source of revenue to British
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Waterways (Environment Committee Report, 1989), but there may be scope for

improving the quality and hence value of canal fisheries, which could then be

translated into some increase in revenue.

Attempts at habitat improvement on these canals should therefore aim to provide

aesthetic benefits above the waterline, preferably of some ecological value and to direct the

secondary-producer community towards a state in which it forms a better food source for

fisheries.

Additionally, heavily trafficked canals are a useful test bed for ideas about how

freshwater systems respond to disturbance. The ability to manipulate a system and predict

the effects of these manipulations may be regarded as the acid test of our understanding of

how that system functions (Bradshaw, 1987). Attempts at ecosystem reconstruction,

whatever their outcome, are therefore certain to be scientifically instructive.

8. Scope of the project and organisation of the thesis

The second chapter of this thesis reviews current knowledge of the effects of boat

traffic on aquatic biota. Management options for the ecological enhancement of moderate-

heavily trafficked canals may be considered in terms of the avoidance or tolerance of these

effects. Avoidance seeks to reduce traffic effects either by

i. reducing the absolute number of boats,

ii. making them less damaging by adapting their design or use, or

iii.limiting boat usage on a spatial or temporal basis thereby providing certain areas

or times of the year where traffic effects are minimised.

Tolerance refers to the accommodation of the effects of an existing level of traffic by

adapting the systpm to either reduce the severity of these effects, or directing it towards an

alternative, more desirable state, which is able to exist at the same level of stress and

disturbance. An evaluation of an example from each of these contrasting approaches forms

the basis of this thesis.

Avoidance

Canal restoration campaigns have highlighted the potential conflict between nature

conservation and boating interests and have raised the issue of whether or not it is feasible

to 'rescue' viable plant communities characteristic of lightly boated or abandoned canals

and to sustain these communities in backwaters or offline reserves, located on canals

carrying high densities of boat traffic. Chapter 3 of this thesis is devoted to the ecology of

sidewater habitats, including their potential role in conserving relic low traffic floras at

moderate to high traffic densities, criteria for selecting sidewaters to optimise their

18



conservation potential, the value of sidewaters in ecological enhancement at high traffic

densities and as habitat for fish and invertebrates and their interactions with the main

channel.

Tolerance

Invertebrate populations in canals are adversely affected by increasing boat traffic

due to physical disturbance, bed instability, low sediment fertility and loss of structural

complexity in the form of submerged macrophytes. This has implications for fisheries

management due to the reduction in the available prey resource (Pygott, 1987; Staples,

1992). Chapter 4 describes the effects on invertebrates of a series of instream management

techniques, designed specifically to restore bed stability in a highly trafficked canal.

Chapter 5 discusses the ecology of fish populations in heavily trafficked canals and their

response to enhancement techniques.

Finally, Chapter 6 discusses the implications of the research in the light of existing

management options and offers an integrated approach to the management of navigated

canals for nature conservation and fisheries.



CHAPTER 2

A review of the ecological effects of motorised
boat-traffic on inland waterways



1. INTRODUCTION

A large international technical literature has accumulated on the direct and indirect

effects of navigation on channel ecology. Direct effects of boat movement have been

reviewed by Jackivicz & Kuzminski (1973), Liddle & Scorgie (1980), Allen & Hardy

(1980), Nelson (1982) and Wright (1982). Both the direct effects and indirect influences

through channel and flow modifications were included in an annotated bibliography of

452 papers by Pearce & Eaton (1983) and more recently Brookes & Hanbury (1990)

have reviewed the subject specifically in Britain, with special reference to bank

protection techniques.

This chapter considers the nature of boat traffic effects on channel habitats and

consequent influences upon components of the aquatic ecosystem, concentrating only on

representative, mainly recent literature.

2. EFFECTS OF BOAT TRAFFIC ON HABITAT

Under one widely accepted definition of pollution (Holdgate, 1979) boats are

potential polluters of freshwaters through their inputs of both chemical substances and

kinetic energy.

"Pollution means the introduction by man into the environment of substances
or energy liable to cause hazards to human health, harm to living resources
and ecological systems, damage to structures or amenity, or interference with
legitimate uses of the environment."

2.1. Physical effects

Kinetic energy dissipated via boat wash and/or propellor churning may cause bank

erosion to rise above rates attributable to natural causes and wind-induced wave action

(Garrard & Hey, 1988a; Zabawa & Ostron, 1980), especially when channels of small

cross-sectional area are navigated by powered boats. In some heavily trafficked

Broadland rivers, bank erosion rates may reach 0.3 m per year (Broads Authority,

1987). Fine, unconsolidated sediment is thereby redistributed across the channel bed.

As this accumulates and is supplemented by allochthonous sources of alluvium, it

becomes increasingly susceptible to resuspension within the water column each time a

boat passes, making the channel bed habitat very unstable (Smart et al., 1985 and

references therein; Williams & Skove, 1981). Increased suspended solids loading

results in reduced water clarity due to light scattering and absorption by the suspended

particles (Kirk, 1985). The periodic resuspension increases transport rates of sediment

both downstream in the mass flow and laterally into backwaters, where present, causing

the latter to infill with unnatural speed (Smart et al., 1985)



Most inland navigations are hydraulically 'constraint' channels, ie. small enough

for the size and shape of the waterway to be a significant influence on the progress of

the craft, as compared with deep lakes or the open sea where, apart from weather

conditions, craft features alone determine movement characteristics. The amount of

disturbance caused by an individual boat passage therefore depends on a range of

variables, principally the size and shape of the hull, the speed of the craft and the cross-

sectional dimensions and flow of the channel. Research, mostly on large craft in ship

canals, has shown that the hydraulics of such movements are very complex and

currently defy detailed quantitative analysis. Nevertheless, it is clear that resistance and

hence disturbance rise steeply with increasing blockage factor (submerged cross-

sectional area of hull: water cross-sectional area of channel) and with craft speed,

especially once those speeds are reached at which either a breaking wave is generated or

the hull has tilted back sufficiently for the stern to be running near or on the channel bed

(squat effect). It is also clear that the shape and total displacement of the hull and the

speed and depth of the propellor are further major influences on the magnitude of the

actual disturbance created (eg. British Transport Docks Board, 1972; Dand & White,

1977).

In navigable systems a small part of the energy used to propel a boat is converted

to sound energy via movement and vibration of engine components leading to noise

pollution, the effects of which may be amplified underwater (Boussard, 1981).

2.2. Chemical

Powered boating produces direct chemical changes to water quality by adding fuel

combustion products and a variety of other pollutants, but also indirectly as a

consequence of physical disturbance of water and sediment.

There is an extensive literature on the effects of pollution by fuel leakage and boat-

engine emissions (hydrocarbons and combustion gases) which may themselves contain

significant amounts of unburned fuel (e.g. English et al., 1963; Jones et al., 1980;

Kempf et al., 1967; Uiterwijk & Winkel, 1981). Individual bioassay studies have

shown that outboard motor emissions may be quite harmful to fish and invertebrates

(Brenniman et al., 1979; Surber, 1971; Clark et al., 1974; Ilnitskii eta!., 1972; Klubov,

1977; Swanberg & Tarkpea, 1982; Schenk et al., 1970). However, an extensive

assessment of the technical literature by Pearce & Eaton (1983) suggested that while

hydrocarbon-related pollution from boat traffic may be of local importance, usually in

enclosed marinas, the overall risk which it poses to waterway ecosystem functioning is

usually quite low. Less tangible effects include the visual detraction of thin oil films on



the water surface but these seem to originate more often from road drainage entering at

bridges than from boats and are usually of little ecological consequence. Prior to the

introduction of lead-free fuel there was concern that boat engines might also be a source

of lead pollution in navigated waters (e.g. Byrd & Perona, 1980; Kuzminski &

Mulcahy, 1974; Oates, 1978). At least in British waterways, this generally now appears

to be of much less importance than lead derived from atmospheric sources, industrial

effluents and road drainage.

Discharge of sewage from boats is a potential source of organic loading and

bacterial contamination of the waterways system (e.g. Lear et al., 1966; Faust, 1982).

In Britain, however, sewage discharge from boats using inland waterways has been

prohibited for some years under local bye-laws and most boats are now fitted with

sewage holding tanks which are pumped out to land-based receivers for disposal via

public sewerage systems.

Concern has mounted in recent years over the environmental effects of anti-fouling

paints applied to the hulls of sea-going boats (Laughlin & Linden, 1987; Simmonds,

1986). In particular, one common active ingredient, tributyl-tin (TBT), is a membrane

toxicant which produces well documented lethal and mutagenic effects at extremely low

doses in freshwater as well as marine organisms (Meador, 1986; Sarojini et aL, 1990)

and may undergo tophic accumulation during chronic low level exposure, especially in

filter-feeding shellfish (Dadon et al., 1989; Grovhoug et al., 1989). Normally perceived

mainly as a marine issue, the danger to freshwater ecosystems has not been properly

assessed, despite the potential local risks on ship canals and lower reaches of river

navigations used by sea-going vessels. Marine studies suggest greatest risk where craft

painted with TBT-containing substances are left moored for long periods, or dry-docked

for scraping and repainting (Bellinger & Belham, 1978; Compton & Corcoran, 1975),

especially in enclosed harbours or marinas from which contaminants are slow to

disperse (Molnar 1983; Grovhoug et al., 1989; Langston et al., 1987). These threats

may now be diminishing due to improved paint formulations, the wider dissemination of

guidance on good working practices (British Marine Industries Federation, 1992) and

legislation which, since 1987, has banned the use of TBT-based paints on craft under

25m. However, monitoring of potential bioaccumulators, such as unionid bivalves (see

Holwerda & Herwig, 1986), from TBT-susceptible freshwaters, remains desirable to

determine the extent of residual impacts.

There does not yet appear to have been any assessment of the possible

environmental impacts which might result from zinc leaching by galvanized sheet steel
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trenching, used extensively for bank protection. This could have potentially toxic effects

on sessile organisms and linked higher trophic levels.

Disturbance of the channel bed by boat passages may produce lesser known,

indirect chemical changes. These may be beneficial to invertebrate fauna, as for

example, if sediment oxygen demand is reduced by aeration and mechanical

comminution and dispersal of particulate organic matter, or they may create stresses

through, for example, increased nutrient cycling (eg. phosphate, Youssef et al., 1980)

or remobilisation of industrial contaminants such as heavy metals, pesticides and PCBs

(Munawar eta!., 1991) adsorbed onto particulate organic matter (Weber et al., 1983).

The ecological impact of resuspended contaminants is however unclear. Mixed effects

have been reported, including both stimulation and inhibition of phytoplankton

production in the field (Munawar et al., 1991) and variable toxicity in bioassays

(Santiago et al., 1993), suggesting that resuspended contaminants do not always enter

the trophic web. Clearly further research is needed to define overall effects.

3. ECOLOGICAL CONSEQUENCES

3.1. Aquatic vegetation

Boats affect aquatic vegetation in four main ways.

1. Direct physical damage is caused by propellers and contact with moving hulls

(Haslam, 1978; Cragg et a/. ,1980; Liddle & Scorgie, 1980). Zieman (1976)

described the damage to seagrass beds in Florida Bay due mainly to the severing

of rhizomes by propellors, but in general physical damage to macrophytes by

boats is rarely quantified. Nymphaeids and tall growing elodeids appear to be most

vulnerable (Murphy & Eaton, 1983) although recovery may be rapid when boats

are excluded (Eaton, 1986). Direct damage to submerged and floating-leaved

plants is probably most important at low traffic densities, above which turbidity

increases become the main influence (Murphy & Eaton, 1983).

2. Boat-generated waves and currents cause physical damage and uprooting

(Schloesser & Manny, 1989; Vennaat & de Bruyne, 1993). Intermittent pulsed

disturbance due to boat passage and lockages in otherwise sluggish waters may

lead to wash-out of free-floating plants such as duckweeds (Lemnaceae),

uprooting of lightly anchored non-rhizomatous species and mechanical damage by

drag and tearing on more firmly-rooted species such as tall-growing, fragile

elodeids and nymphaeids with expanded petioles which lack adaptations to

periodic high flows. Marginal reedbeds have a limited resilience to boatwash,

21



beyond which they are damaged by stem breakage and erosion and fragmentation

of the root-mat (Bonham, 1980; Garrad & Hey, 1988a).

3. Eroded and resuspended sediment shades submerged plants (Myer & Heritage,

1941; Westlake, 1966; Tanner et al., 1993) and at very high levels may cause

abrasion damage to plant tissues (Edwards, 1969). The importance of shading due

to settlement of particles on exposed leaf surfaces is uncertain. Turbulence which

accompanies resuspension or continuous flow in rivers may prevent stable

deposition at points within the water column. Furthermore many particles have a

high settling velocity, so may never enter the euphotic zone. Shading effects due to

boats moored for long periods in shallow marginal areas may also restrict the

development of aquatic vegetation (Vermaat & de Bruyne, 1993).

4. Macrophyte establishment and spread are also likely to be inhibited by soft,

accreting, unstable and periodically resuspended layers of sediment. Jones (1943)

attributed the absence of plants in the River Rheidol in Wales at least partly to the

soft, unstable nature of the bed although mine wastes, not boats, were the source

of the problem in that instance. Erosion and the modification of deposition

processes by boat passages may accelerate primary plant succession and

terrestrialisation of marginal vegetation in undisturbed backwater areas by

increasing siltation rates (Edwards, 1969; Bhowmik & Adams, 1989).

In the canal system controlled by the British Waterways Board, Murphy & Eaton

(1981; 1983) demonstrated a significant negative relationship between boat traffic and

quantity of vegetation, which included a major loss of vegetation from canals with >

2000 movements ha- l .m depth- 1 . yri [mhyl due to the mechanisms outlined above.

Above this traffic density there was also a sharp increase in suspended solid loading,

providing a significant positive relationship between water suspended sediment load and

boat traffic density. These fmdings suggest an interaction between boats, bank erosion

problems and aquatic vegetation, mirroring the results of studies elsewhere (Liou &

Herbich, 1976; Anderson, 1975; Gucinski, 1981; Karak & van Hofen, 1974; Garrad &

Hey, 1988a).

At low traffic densities, the reduction in plant biomass is due mainly to the

suppression of a few fast-growing, competitively dominant elodeids and reedswamp

species such as Glyceria maxima by an intermediate level of disturbance. Consequently

aquatic plant communities in lightly trafficked waterways are often diverse, sometimes

including scarce species such as Potamogeton compressus or Luronium natans (Willby

& Eaton, 1993) and can therefore be of considerable conservation value, despite their

artificial character (Hanbury, 1986; NCC, 1989). As traffic increases further, rising
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turbidity compresses the euphotic zone into the upper 0.1-0.2 m of water. Combined

with physical damage and bed instability, this reduces the maximum rooting depths of

fringing vegetation, causing the whole hydrosere to retreat towards the margins. The

most heavily trafficked canals are often completely devoid of aquatic plant cover and

problems of erosion may then be so severe that expensive sheet steel or concrete bank

hardening is introduced to protect banks from boat wash erosion.

In some navigable systems such as the Norfolk Broads there is disagreement over

the causes of macrophyte loss (Osborne & Moss, 1977; Moss, 1977; Garrad & Hey,

1987). Here a suite of factors produce effects which in other systems are largely

attributable only to boat traffic. Moss (1986) for example, ascribed the loss of

macrophytes from the Broads to phytoplankton shading of submerged plants, coupled

with the decline of reed fringes through coypu grazing and failure of regrowth to

withstand natural or boat-related erosion due to an unstable morphology induced by high

nitrate concentrations in the water. Clearly a correct understanding of this issue is

fundamental to the design and implementation of effective management and restoration

strategies.

One particular source of dispute is the cause of high turbidity in the Broads.

Turbidity is a complex measure which refers to the amount of light scattered by

supended particles and is dependent on particle size, shape, colour and concentration

whereas total suspended solids (TSS) is simply the dry-weight of non-filterable residue

(Vanous et aL, 1982). A clear resolution to this debate has been hampered by imprecise

use of the terms turbidity and TSS, for example by measurement of the former as an

indirect estimate of the latter. In the immediate context we are more concerned with

turbidity although TSS may be more pertinent to other components of the ecosystem.

The Norfolk Broads receive large quantities of phosphate rich effluent from sewage

works and agricultural land drainage and as a result support very high phytoplankton

standing crops (Moss, 1977). A high algal cell density alone is then sufficient to

increase turbidity and significantly reduce light transparency in the water column

(Hilton & Philips, 1982; Moss, 1977) due to light scattering by cells in suspension and

its absorbtion by photosynthetic pigments. Cell sculpturing, an adaptation to reduce

sinking rates and grazing pressure, also exaccerbates light scattering. However, the

small collective mass of even a dense phytoplankton bloom produces only a low TSS

loading compared to the weight of inorganic particles of an equivalent light scattering

capacity. The near constant procession of boat traffic on some Broadland rivers also

indisputably causes resuspension of the bed and produces a corresponding diurnal

pattern of significant increases in TSS concentrations due to entrainment of small

mineral particles which sink at size-dependent rates (Garrad & Hey, 1987; 1988b). The
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lower concentration and greater shape uniformity of these denser particles suggest

however, that they might contribute proportionally less to turbidity than the

phytoplankton populations. Phytoplankton perhaps therefore have a proportionally

greater role in reducing light penetration in deeper navigable rivers (typically 2-3m in

Broadland), especially in cases where impoundment by locks and weirs reduces

flushing rates and a high allochthonous nutrient input promotes population growth. The

acid test of this issue, to partition the contributions of phytoplankton and boat related

suspensoids to overall turbidity, would however, be difficult, requiring the separation

of particles which may undergo complex interactions within the water column.

Canals by contrast, are less subject to external nutrient loading and rarely receive

an algal rich innoculum of water from adjacent standing waters. In the shallower profile

(1.2-1.5 m) of a frequently vertically-sided channel (cross sectional area 10-12m-2

compared with, for example, >60m-2 in the R. Bure; Garrad & Hey, 1988a), the

blockage ratio is increased by a factor of 5. Consequently boats are far more effective in

disturbing the bed and, by abrasion of the underlying clay puddle, produce a complex

suspension of mostly fine colloidal particles (<1gm diameter) with a low settling

velocity and therefore a high residence time in the water column. Particles of this size

have a greater light scattering effect because they overlap with the wavelengths of

incident visible light. Particles with much larger or smaller widths than this range of

wavelengths have a greatly reduced light scattering capability (Vanous et al., 1982).

Secchi disc transparencies in July are typically about half the value of those measured by

Moss (1977) in the Broads. The coffee-colouration, high turbidity and TSS (frequently

exceeding 100mg1- 1 during the summer) characteristic of heavily trafficked canals is then

mostly inorganic and boat-derived and TSS at least corresponds closely with traffic

density (Murphy & Eaton, 1983). Lightly trafficked canals with similar dimensions and

equally nutrient rich waters are by contrast clear and support a large standing crop of

submerged macrophytes. Furthermore, with marked traffic increases, the switch to a

macrophyte-free state is both instantaneous and readily reversible. By contrast, in the

case of nutrient enrichment this switch is progressive and perhaps mediated by epiphytic

algae (Phillips, et al., 1977).

There is no evidence to show that aquatic macrophytes are directly affected by

pollution from boats (Dietrich, 1974; Jackivicz & Kuzminsld, 1973).

2.2. Invertebrates
The above and below ground parts of aquatic macrophytes, depending on their

architecture, provide invertebrates with an effective anti-predator refuge (Rosine, 1955;

Crowder & Cooper, 1982), protection from water movement (Harrod, 1964),
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emergence and oviposition sites (Rooke, 1984; McGaha, 1952), an indirect food source

by providing attachment sites for epiphytic algae (Cattaneo, 1983) and ultimately a

source of detritus for benthic organisms during senescence (Engel, 1985). The

progressive reduction in macrophyte cover with increasing boat traffic therefore removes

an important resource for invertebrates (Murphy & Eaton, 1981) and increases the

reliance of benthic detritivore food chains on material of allochthonous origin (Hynes,

1960). High suspended solids loading may also reduce epilithon food quality and

biomass by shading (Davies-Colley et al., 1992; Van Nieuwenhuyse & La Perriere,

1986), leading to a lowered phototrophic content and reduction in invertebrates which

feed by scraping algal films or grazing benthic algae.

At high traffic densities invertebrates probably respond directly to increased

turbidity and water movement. There is an extensive literature on the effects of

suspended solids on aquatic organisms, dealing mainly with solids from mining,

deforestation or soil-erosion, but very little on the effects of turbidity caused by boating.

It is of limited value to draw parallels with other studies reporting particle concentrations

typical of the range found in navigable canals and rivers, unless the size and nature of

the particles making up the suspended solid load are known to be comparable. It is also

important to consider that whenever suspended solids are elevated above background

levels as a result of boat-induced resuspension, measurements based on samples

collected at or near the surface will greatly underestimate concentrations to which benthic

invertebrates and bottom-dwelling fish are subject. The characteristics of suspended

solid loading in canals and rivers, namely chronic exposure to low, increasing to

moderate turbidity throughout the day interspersed by brief pulses of very high turbidity

that decline rapidly, may also be in complete contrast to the conditions under which

other studies have been made, especially those based on laboratory trials.
•

Extrapolating from work in other fields in the absence of direct studies of boat-

induced increases in suspended solids loads, but bearing in mind the above reservations,

suggests several direct effects (Ward, 1992). Respiratory structures may be clogged or

damaged by abrasion although Gerisch & Brusven (1982) found that several stream

insects could tolerate volcanic ash at concentrations of 2000mg1- 1 for 48 hours without

adverse effect, despite heavy accumulation on the gills. Feeding rates and efficiency may

decrease due to nutritional dilution of suspended organic matter by inert solids and

saturation of filter-feeding structures in benthic detritivores (Gray & Ward, 1982;

Nuttall, 1972) and planktivores (Kirk, 1991; Hart, 1986; 1988; McCabe & O'Brien,

1983). Aldridge et al. (1987) exposed three species of filter-feeding unionid mussels to

frequent intermittent disturbance of silt to simulate the effects of sediment resuspension

during boat passages and found reduced food clearance rates, and, due to starvation, a

25



lowered metabolic rate and switch to stored body reserves. The rate of drift may increase

(eg. Ciborowski et al., 1977) either as a behavioural mechanism for avoidance of the

previous stresses (Gammon, 1970; White & Gammon, 1977), as an intrinsic response

to darkening of the bed (Brittain & Eikeland, 1988) or due to substrate mobility (Culp et

al., 1986), as may be caused by boat wash (Seagle & Zumwalt, 1981). Studies of drift

in relation to turbidity have however, concentrated on episodic disturbance and the drift

behaviour of benthic invertebrates which live habitually at sustained high levels of boat-

induced background turbidity is as yet undetermined.

Despite these potential effects several authors have concluded that invertebrate

communities are fairly resilient to turbidity per se and that the greatest damage occurs

during subsequent siltation (Cline et al., 1982; Ellis, 1936; Hamilton, 1961; Nuttall,

1972; Nuttall & Bielby, 1973; Ward, 1992), as a result of lowered bed permeability due

to infilling of interstices (Hynes, 1960; Bjerklie & La Perriere, 1985; Quinn et al.,

1992), accumulation of shifting, unstable deposits (Cordone & Kelly, 1961; Hamilton,

1961; Nuttall, 1972) which may smother hard surfaces required by sedentary filter

feeders such as Simulium (Wu, 1931), or reduced epilithon food quality for

invertebrate scrapers due to settlement or entrapment of fine silts and clays in the biofilm

and detritus that collects on stone surfaces (Herbert et aL,1961; Davies-Colley et

al.,1992; Graham, 1990).

Even small increases in turbidity therefore generally result in decreased

invertebrate densities and species richness (Quinn et al., 1992; Wagener & La Perriere,

1985) although in areas subject to heavy boating the exact nature of these changes and

their effects on other trophic levels have not been described.

2.3. Fish

Direct physical damage to fish eg. due to propellor scarring (Roesen & Hales,

1980) appears to be rare. Noise and disturbance, especially from high-speed boats, may

adversely affect fish behaviour and survival (Boussard, 1981; 1984) in proportion to

craft speed and intensity of usage (Lagler et al., 1950; Mueller, 1980; 1982; Sutherland

& Ogle, 1975; Morgan et al., 1976) Lagler et al. (1950) found that outboard motor

exhausts had no significant impact on bluegills or largemouth bass in ponds.

The ecological effects of increased suspended solids on fish have been thoroughly

documented but most studies have concentrated on sport fish and salmonids and, as

with invertebrates, are concerned mainly with turbidity from sources other than boat

traffic (eg. Alabaster & Lloyd, 1982; Bruton, 1985; Newcombe & MacDonald, 1991;

Petticord, 1980).
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Turbidity may affect fish in several ways. Clogging of gill rakers and gill filaments

may interfere with respiration, especially in juvenile fish (Wilber, 1983) but it is highly

unlikely that boat activity alone can raise concentrations of suspended solids sufficiently

high to kill adult fish (>20,000mg1-1 ; Wallen, 1951). Egg and larval stages may be more

susceptible to direct effects (Muncy et al. 1979), including physical damage through

abrasion or sedimentation of suspensoids over eggs leading to anoxia, accumulation of

waste products, or exposure to pathogens (Wilber, 1983). In Belgian rivers, Boussard

& Falter (1982) showed that the redistribution of sediments produced by motor boats

could significantly reduce the hatching rate of roach eggs (Rutilus rutilus). Boat-related

turbidity may also reduce breeding success by siltation and smothering of gravel

spawning areas (Alexander & Hansen, 1986) and the loss of macrophytes as spawning

substrate or fry nurseries (Reynolds & Eaton, 1983), as well as by disrupting courtship

displays and spawning behaviour dependent on visual cues (Wilber, 1983).

Nevertheless, in heavily trafficked canals in Britain, most fish appear to recruit well,

despite high turbidity (Pygott et al., 1990). The loss of an anti-predator refuge for small

fish may however, be more than compensated in these waterways by the visual refuge

provided by increased turbidity (Hayes et al., 1992). Turbidity may reduce the visual

feeding efficiency of fish, leading to shifts in prey selection on the basis of body-size,

colnuration, orientation or movement (Barrett et al., 1992; Crowl, 1989; Eccles, 1986;

Gardner, 1981; Vinyard & O'Brien, 1976).

As with invertebrates however, the greatest effect of turbidity appears to be via silt

deposition rather than the presence of the suspensoids in the water column. Fish in

heavily trafficked waterways are influenced indirectly by effects on their prey organisms

due to loss of substrate stability and heterogeneity caused by siltation (Stern & Stickle,

1978; Sparks, 1.975), organic impoverishment of sediments due to reduced primary

production and loss of macrophyte cover (Hansen et al., 1983). The loss of

macrophytes removes a staple foodbase of some fish (Prejs & Jackowska, 1978) but

the attendant reduction in populations of large plant-associated macroinvertebrates

(Murphy & Eaton, 1981), may be particularly detrimental since these prey items help

sustain the growth rate of larger fish (Mittelbach, 1981). Effects on food availability and

foraging success are often reflected in reduced growth rates (Buck, 1956; Gammon,

1970; Sykora et al., 1972), smaller maximum size and size at sexual maturity

(Tomasson et al., 1983) and reduced standing crop, coupled with changes in community

structure towards opportunist or turbidity tolerant bottom feeders for which elevated

turbidity offers a visual refuge from predators (Buck, 1956; Ewing, 1991; Sorenson et

al., 1977; Wilber, 1983).
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Hence, in the British canal system, increasing boat traffic results in decreasing fish

biomass and a shift from a community characterised by weed-associated tench (Tinca

tinca) and visual-hunting pike (Esox lucius) to one dominated by gudgeon (Gobio

gobio) which are equipped with barbels for tactile bottom-feeding and small opportunist

roach (Linfield, 1985; Pygott et al., 1990). Stocked carp (Cyprinus carpio), which

favour waters of high turbidity, perform well at high traffic densities and, in contrast to

roach, commonly reach large sizes (Pygott et aL, 1990).

2.4. Birds and mammals

The short-term effects of boats on water birds are well documented, but mainly in

relation to sailing and powerboating on open inland waters such as gravel pits and

reservoirs which may be important sites for wintering wildfowl (see Batten, 1977;

Ward, 1990). Hume (1976), for example, recorded flight responses by goldeneye

(Bucephala clangula) as a result of the approach of a powerboat within some 550 - 700

m of a flock on Cannock Reservoir, Staffordshire, England.

Both noise and visual stimuli may cause behavioural change in less-heavily used

waterways, with reduction in bird occupancy, or even complete avoidance of the water

as craft usage increases (Marchant & Hyde, 1980; Reichholf, 1974; Tuite, 1982).

Species sensitive to disturbance may react to traffic densities well below those which

cause outright deterioration of their habitat. All water-based human-activities probably

cause some psychological stress and in a multi-recreational resource it may be difficult to

isolate boat induced stresses from those attributable to other sources, such as angling

and walking. Conversely exposure over a long period to a uniform intensity of slow

moving boat traffic might lead to habituation.

The main reductions in breeding populations of birds which nest at or near water-

level, eg. moorhen (Gallinula chloropus), are probably due directly to destruction or

deterioration of suitable nest sites by unsympathetic management practices (Taylor,

1984) or boat wash. The retreat and fragmentation of reed beds, removal of overhanging

branches which provide material for nest construction, anchorage and concealment and

swamping of nests by boat waves (Batten 1977; Sharrock, 1976) may all be involved.

Dense fringing vegetation is also a general habitat requirement for skulking waterbirds

such as the Little Grebe (Tachybaptus ruficollis). Species which dive for submerged

aquatic vegetation (eg. coot, Fulica atra) or small fish and large weed-associated

macroinvertebrates (eg. little grebe) may also be affected indirectly by reduced food

availability or increased water turbidity which disrupts visual-feeding.
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Much less is known of how waterway mammals react to boat traffic: in one of the

few studies undertaken, Clark (1981), suggested that a population of muskrat (Ondatra

zibethicus) in a navigable stretch of the Upper Mississippi showed relatively little sign of

adverse impact directly connected with boat traffic. Water voles (Arvicola terrestris) also

persist on less intensively trafficked waterways in Britain, where soft banks allow

burrowing and there is an adequate supply of emergent vegetation as food. Heavily

trafficked, turbid canals or highly engineered river navigations are unsuitable habitats

due to their steep, reinforced banks (in a few cases a deliberate defence against water-

voles) and corresponding lack of emergent vegetation and general bankside cover,

combined with frequent disturbance by boats and other recreational users (Jefferies et

al., 1989). Boat wash may also flood burrow systems. Expansion of navigation onto

quieter rivers may have implications for the long-term recovery of otter (Lutra lutra)

populations in lowland England, through a combination of increased human disturbance

and habitat modification (Chanin & Jefferies, 1978).
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CHAPTER 3

The Ecology of Canal Sidewaters



I INTRODUCTION

1.1 Background

The idea of using 'offline' sites on canals as nature reserves originated in the mid

1970s when canal restoration schemes were gaining momentum (eg. Sheldon, 1976).

Because channel reconstruction works, or, in the longer term, renewed boat activity,

have potentially damaging effects on aquatic vegetation and associated invertebrate

communities, many naturalists and conservationists are opposed to such restoration

schemes (eg. Plantlife, 1991). The compromise option of designating sites adjoining

the canal as boat-free or minimally disturbed refuges, recognises that the value of

communities present in the main channel will deteriorate as boat traffic increases and

sensitive species are progressively eliminated (eg. Paskell, 1979; 1984) and therefore

seeks to retain representative examples of the former ecological interest. These offline

sites may be purpose-built, or may utilise lock sideponds or existing redundant

'sidewaters' such as boat winding holes and former basins or arms. The underlying

rationale is that an offline reserve can provide a refuge from the immediate effects of

traffic movements in the main channel, either by incorporating a physical barrier (eg.

earth bund, rock gabion baskets or reed fringe) to screen it from the channel, or simply

by increasing the cross-sectional area of the channel opposite a sidewater, thereby

diluting the effective traffic density. In theory, this should allow scarcer aquatic plants

normally associated with lightly trafficked or urmavigated sections of waterway to

persist in sidewaters on canals carrying higher traffic densities. These points are

summarised diagrammatically in Figure 3.1. The concept of offline reserves continues

to be of relevance as new restoration projects are proposed, or existing ones approach

completion, since increasing value is being attached to intact examples of waterbodies

rich in aquatic plants (see Chapter 1). These include a number of canals targeted for

restoration to navigation which support macrophyte communities of national or regional

importance (Paske11,1984; Byfield,1990).

The use of canal sidewaters may also be applicable to the management of canals

with established moderate to high traffic densities, where it is desirable to protect or

enhance the remaining plant-based component of the ecosystem. The presumed

effectiveness of an offline reserve strategy as a means of retaining representative

examples of the channel flora was instrumental in securing agreement to restore the

Montgomery Canal, a site notified as an SSSI and therefore legally protected under The

Wildlife & Countryside Act, 1981 (BWB & NCC, 1986). A series of offline reserves

has also been integrated into the management plan for the recently-restored Basingstoke

Canal, another example of a canal of high nature conservation status owing to the

exceptional richness of its aquatic flora. Nevertheless, the long-term effectiveness of

this approach has not been subject to critical investigation.
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There is also considerable evidence from studies on lowland rivers that fish

concentrate in well vegetated marginal and backwater areas and exploit these habitats

extensively as spawning, feeding and nursery sites (eg. Welcomme, 1979; Mills &

Mann, 1985; Copp, 1990; NERC, 1990). The precise basis of microhabitat use in fish

is poorly understood, but in backwaters the combination of increased water

temperatures and food availability, coupled with reduced exposure to current and

predation risk, appears to be of fundamental significance (Mills & Mann, 1985;

Sheaffer & Nickum, 1986a; Copp, 1990). The relevance of these factors to canal

sidewaters is unknown, but if current hypotheses are correct, sidewaters could be

attractive to coarse fish as a macrophyte-rich refuge from disturbance by traffic using

the main-channel. This chapter represents a first attempt to assess the utility of the

sidewater approach to the conservation of canal wildlife and fisheries management.

Besides their nature conservation potential, offline or sidewater reserves are

attractive for other reasons. Thus they

1. provide a clear function for some presently redundant sites,

2. present an opportunity to harmonise interests within a multi - user system,

3. maintain a closer association with the canal itself, than alternative schemes

which create new wetland habitats; they are also normally cheaper than new

sites, because they avoid the need for purchase of additional land and hire

of plant and labour,

4. offer scope for development as an educational resource, perhaps better than

could be accommodated on the mainline,

5. provide a test bed for ideas about how the channel ecosystem responds to

traffic effects and how detrimental effects might be reversed.

1.2 Previous studies of canal sidewaters

Despite a comparative wealth of information on canal natural history, few sources

make specific mention of offline areas and evidence of their ecological value is largely

anecdotal. In a survey of the Union Canal, Sheldon (1976) offered brief management

recommendations for a series of 'passing bays', to provide serviceable turning points

for boats while retaining areas of conservation importance. Several of the shallow,

undisturbed 'flashes' adjoining the Basingstoke Canal in Hampshire and Surrey, which

have long been famed for their botanical diversity and value as a breeding habitat for

Odonata, have been designated as SSSIs. Meanwhile, Kelcey (1982), discussing

ecological changes along the section of the Grand Union Canal through Milton Keynes,
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made a particularly encouraging statement to the effect that sidewater sites can develop

an ecological interest even when the main line is heavily boated;

"The most important areas for Odonata are the small bays that are used for
turning boats round and which, because of lack of use, have become
colonized by submerged, floating-leaved and emergent vegetation."

The introduction of corridor mapping on canals in the late 1980s (Willby, 1988),

has also exposed general differences in structure and composition of vegetation

between offline sites and the main channel and highlighted the contribution which

sidewaters can make to the overall conservation value of the canal. Watson & Murphy

(1988) for example, mapped the vegetation of the Forth & Clyde Canal and commented

on the botanical interest of several large basins well colonised by emergent species,

which formed a rich-fen vegetation normally of very limited extent beside canals. It is

clear from a number of other studies that offline sites can also be of ecological interest

in their own right. For example, Purton Timber Ponds on the Gloucester & Sharpness

Canal were shown from a survey for B.W. by the Gloucestershire Trust for Nature

Conservation (Doe et aL, 1989) to support the largest remaining area of mixed reed bed

habitat in the county and therefore to be of major ornithological interest.

Until now, ecological survey work on the Montgomery Canal, principally during

the mid 1980's (Briggs, 1988; 1989), has contributed the bulk of existing knowledge

on canal sidewaters, including experimental transplanting (see also Harris, 1988) and

practical apects of site selection, design and construction. Hollier (1988) also discussed

the design of offline reserves along the canal for insects, with reference to island

biogeography principles. Six reserves of varying size and configuration, with direct

connections to the main channel, have been successfully established and managed

specifically for conservation while a seventh site at Aston Locks is at an advanced stage

of construction. The acid test of whether or not these sites can retain their current

interest once the canal is fully restored and reopened to navigation by motorised boats

has, however, still to be faced. Among the likely problems here are the incursion of

silt-laden, turbid water from the mainline which may restrict the growth of submerged

vegetation, while settlement of suspended material within the sidewater may accelerate

rates of infilling and subsequent succession to a climax reed-swamp community, unless

arrested by management. Other designated reserve sites have yet to be developed, or

depend on the use of sections of channel which will become redundant after restoration.

In the interim, more regular monitoring would be beneficial so as to identify

management problems in existing offline reserves, thus providing time for solutions to

be formulated and tested, or design specifications for future reserves to be modified in

advance of restoration being completed.
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1.3 Other studies of sidewater habitats in navigable systems

In continental Europe and the United States, the considerable importance of

backwater areas on large navigable rivers as breeding habitat for waterbirds and as

spawning and feeding grounds for coarse fish is widely acknowledged (Welcomme,

1979; Sheaffer & Nickum, 1986b). These rivers are much larger than British canals,

but the type of traffic conveyed, which includes sea-going vessels, is also much bigger.

Hence some comparability exists between the movement of these large ships in major

slow-moving rivers and small boats in narrow artificial channels, such that information

on backwater habitats on the large navigable systems is transferrable to the present

investigation. On the Upper Mississippi and its associated tributaries, made navigable

to shipping in the 1930s, concern has arisen over the high post-impoundment rates of

sedimentation in the extensive shallow, backwater areas which border the main

navigation route (Eckblad et aL, 1977). This has prompted research into the effects of

siltation on the successional development of aquatic vegetation (Peck & Smart, 1986;

Bhowmik & Adams, 1989), the abundance and composition of the benthos (Elstad,

1986; Hornbach et aL, 1989) and interactions with both commercial and recreational

craft (Smart eta!., 1985).

Studies of the tidally-fed residential canal estate systems of eastern Australia and

the southern U.S. offer a further source of information pertinent to the ecology of

sidewaters. These branching waterways often include arms of varying lengths with

dead-ends and are of comparable dimensions to British canals. High water quality,

which is compatible with domestic and recreational uses, is desirable on canal estates

and consequently research has concentrated on the interrelationships between the

hydrological conditions, sedimentation, water quality and the nature of the benthos and

fish community (eg. Lindall et al., 1975; Cosser, 1989).

While the impoundment of some river systems such as the Mississippi has lead to

the formation of extensive shallow backwater habitats due to permanent inundation of

the former floodplain, the engineering of some smaller rivers for navigation has

destroyed these important marginal habitats (O'Hara, 1986). 1FE research on the Great

Ouse is currently investigating relationships between phytoplankton, zooplankton and

the distribution of juvenile cyprinids in marina and main-channel habitats. Preliminary

results indicate sustained high phytoplankton concentrations in the marina coupled with

an abundance of rotifers, copepods and cladocerans, which, together with diatoms,

form the staple diet of 0+ fish (NERC, 1990; Mann & Bass, 1992). These findings

parallel earlier work on unnavigable rivers in southern England by Mills & Mann

(1985), who found that shallow, low flow sites, also supported an abundance of
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rotifers and microcrustaceans and were exploited by juvenile and larval fish. Active

migration of fish into marinas during the summer suggests that these sites form

surrogate habitats for the extensive natural backwaters which existed on the Great Ouse

prior to river regulation. Consequently, the structurally simple, artificial habitat offered

by canal sidewaters may also provide an analogue for natural riverine backwaters.

1.4 The scope of the present investigation and its aims

This study approaches the question of the design and selection of sidewaters as

refuges by analysing existing ecosystems which have developed at a wide range of

sites of varying size and shape on canals with various traffic densities. Site selection

was random and none of the sites had been specifically managed for nature

conservation. The aims of this survey were threefold;

1. To determine the biomass and composition of aquatic plant communities

which develop in sidewaters of different sizes and shapes, at a range of

traffic densities and to compare these vegetation characteristics with those

found on the adjacent mainline of the canal.

2. By collection of data on a range of physico-chemical variables at each site, to

isolate the main factors which determine the biomass and composition of

vegetation in sidewaters and on the mainline, to compare their relative

importances and to examine their relationships with boat traffic densities.

3. To develop a prescription for the choice or design of sidewaters for nature

conservation and to identify potential management difficulties.

A follow-up investigation was planned for the second summer (1991), designed

to test hypotheses formulated after analysis of the data from the extensive survey. This

investigation took the form of an intensive survey of a small number of representative

sites, at which more detailed measurements of abiotic variables were made.

Representative sites were identified from analyses of the results of the previous years'

survey. Benthic and plant-dwelling invertebrate populations were also sampled, both in

the sidewater, and in the nearby mainline canal. The aims of invertebrate sampling

were to assess the factors influencing invertebrate abundance in sidewater and mainline

environments, to examine the relationship between densities of plant-associated

invertebrates in the channel and in sidewaters and, in conjunction with the

measurements described above and the results of the extensive survey, to evaluate the

potential overall importance of sidewaters as fish habitats.
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2. METHODOLOGY

2.1 Extensive survey (summer 1990)

2.1.1 Site location 

Sidewaters were located using 1:2500 or 1:1250 scale OS maps held in the British

Waterways map library in Leeds. These maps are subdivided into A3 sheets, each sheet

representing, on average, 1 km of waterway. Sites to be visited were selected using a

random sampling procedure, the 'population' consisting of the c.2400 she-As which

cover the cruising and remainder canals managed by British Waterways. These sheets

were coded and one third, according to randomly generated numbers, were examined

for the presence of sidewaters. For the purposes of this study, sidewaters were defined

as a minimum 50% increase in channel width, which is approximately the limit of

resolution on a 10m wide channel drawn at a scale of 1:2500. There were estimated to

be 1000-1200 such sites covering a total area of c.150ha, which represents c.5% of the

total water area of these canals. The detailed results of this desk-survey are given in

Appendix 3.1. This desk study yielded a far larger number of sites than could

reasonably be sampled, but provided flexibility over the final choice of sites in the field.

Potential sites were plotted on a large scale map and grouped into regions convenient

for sampling. To roughly compensate for differences in the length of the growing

season related to the geographical distribution of sites, those situated in southern

England were visited first, in late-June, with the survey being concluded on the

Scottish canals (Forth & Clyde, Union) in mid-September. 230 sites were visited in

total, of which 179 were deemed suitable for detailed sampling. The distribution of

these sites is illustrated in Figure 3.2, while their locations are given in detail in

Appendix 3.2. A few sites were rejected on inspection because they had been infilled or

were either inaccessible, unsafe to sample, or too heavily used by pleasure craft

(eg.moorings and hire bases) for sampling to be practical. Sidewaters vary widely in

shape from simple channel widenings and 'winding-holes' used to turn boats, to

basins, arms, large lagoons and bypass channels. Outlines of the sites covered in this

survey are illustrated in Appendix 3.3. While predominantly small (<0.1ha), sidewaters

also range considerably in size (0.01-5.0ha) as described in Appendix 5.1.

A representative section of mainline canal nearby to each sidewater was also

surveyed for comparative purposes. To avoid any possible downstream influence of the

sidewater itself upon the parent channel, the comparison site was situated 200-400m

away from the sidewater and wherever possible, upstream of it.

The random selection of sidewaters and associated comparative sites ensured

coverage of a wide range of traffic densities. Since pre-selection of sites was not
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Inset: Birmingham area and lowland Scotland

Large numbered dots refer to sites included in
the 1991 intensive survey (Appendix 3.7).

Codes for canals are given in the fold out sheet
at the back of the thesis.
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Figure 3.2. Geographical distribution of sidewater sites covered
in extensive survey, 1990.
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feasible the sites surveyed also varied with regard to other variables such as extent of

shading, livestock trampling, intensity of disturbance by dredging, weed cutting or

other maintenance operations, water quality, aspect and proximity to bridges and locks.

In previous studies (eg. Murphy, 1980; Pygott, 1987) sites have have been carefully

selected in advance of detailed surveys, in an attempt to standardise and thus discount

these extraneous variables. In the present study, the use of multivariate techniques to

analyse data on vegetation composition and abundance should allow partitioning of the

previously unquantified influence of these factors from the hitherto presumed primary

effects of boat traffic.

2.1.2 Assessment of vegetation

For sampling purposes, vegetation was classified into two basic components:

helophyte (fringing and emergent) and hydrophyte (floating-leaved (lemnid and

nymphaeid) and submerged (isoetid and elodeid)) plants.

Helophytic vegetation included fringing species associated with marsh habitats

characterised by a range of low growing herbaceous annuals or perennials such as

Scutellaria galericulata, Lycopus europaeus, Mentha aquatica, Impatiens capensis and

Bidens spp, plus Juncus spp and 'megaforbs' such as Epilobium hirsutum, Rumex

hydrolapathum and Oenanthe crocata. This vegetation was generally replaced by

reedswamp (Glyceria maxima, Spa rganium erectum, Acorus calamus, Typha latifolia)

in areas of deeper standing water. A smaller independent category of helophytes was

also recognised. This comprised species which typically occupy deep water habitats

separate from the main area of fringing vegetation and included species with a

heterophyllous growth form such as Sagittaria sagittifolia, Alisma spp., Butomus

umbellatus and Schoenoplectus lacustris.

Helophytic vegetation was sampled by estimating percentage cover at points along

a transect At main-channel sites a 150m section of bank was selected for sampling.

Pygott (1987) showed that the number of species recorded in a length of canal bank

approached the total number of species asymptotically with increasing survey length,

becoming very close to the maximum above c.120m, so the use of a 150m section

should provide a representative picture of the overall canal. At each site 10 transect

points were designated using the random number generator on a pocket calculator. A

graduated bamboo cane was placed at right angles to the bank and all species present

within a 1 m corridor either side of this transect were recorded in terms of the

distance(s) over which they occurred and their % cover within that block. Maximum

water depths colonised by each species at each transect were also measured. A typical

entry might therefore read:
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Myosotis scorpioides: 0-0.15 [25%] 0.05
0.45-0.75 [5%] 0.20

indicating that M. scorpiodes occurred in that transect at two points, from 0-15 cm and

45-75cm covering 25% and 5% respectively of the area enclosed between these points

and a line lm either side of the transect. Maximum rooting depth on this transect line

would be 20cm. These values were standardised to mean % cover for the whole site by

calculating the mean areal coverage of each species and dividing it by the total site area

(ie. channel width x 150m). Typical values for stand-forming fringing species were in

the order of 20% (ie. one fifth of the channel) but were below 1% for most low-

growing herbaceous species. So as to ensure a comprehensive species list for each site

a thorough search was made for species with a highly patchy distribution or which fell

outside transect sampling points. These species were subsequently awarded a statutory

minimum cover value of 0.1%; detailed measurements of cover at selected sites

suggested that this was a realistic value. An identical procedure was used for sampling

helophytic vegetation in sidewaters. The bank perimeter of sidewaters varied

considerably (23-740m) so it was necessary to adapt the number of transects at which

vegetation was recorded although a similar sampling density (ie. 1 transect c.15m-1)

was retained where possible, with a minimum of three transects per site. In large, wide-

mouthed sidewaters (>0.2ha), which represented 10% of the total sample, this

approach was not feasible. In these cases the vegetation, which usually comprised

extensive areas of monodominant reedswamp, was mapped by measuring areas of

individual stands over the entire site.

Fully submerged species in the hydrophyte category were dominated by the

Potamogetonaceae plus Elodea spp and Callitriche spp. Abundance of submerged

plants in canals cannot be measured effectively by visual estimates from the bank, due

to the angle of the observer to the water surface, reflective glare and the large quantities

of vegetation which are either obscured by other species or cannot be seen as a result of

shading or turbidity. Quantification of submerged vegetation through removal of plants

from quadrats by clipping is a widely used technique in deep clear water lakes with a

firm substrate and requires SCUBA diving equipment. This is however, inappropriate

in canals, due to the shallow water depth and the softness of the substrate which makes

it highly susceptible to resuspension, caused for example by trampling and hand

removal of plants. Grapnel sampling offers a quantitative technique which gives rapid

accurate assessments of submerged vegetation and has been used widely in surveys of

canal vegetation. Murphy, Hanbury & Eaton (1981) found that an 8 pronged steel

grapnel (weight 0.6kg) removed, on average, about 12% of the vegetation from a lm

wide transect. The drained wet weight of material retained by the grapnel is converted
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to dry weight using a constant (0.053) and thus converted to areal density by

multiplying up to the value equivalent to all material in the transect being harvested

before dividing by the length of the transect over which the measurements were made.

Thus for a 4m length transect the overall conversion factor from drained fresh weight

per grapnel to gDWm-2 = 0.108:

conversion factor= [8.16 (ie. 100/12.25) x 0.053] /4 (ie. length sampled)

Conversion factors for transects of other lengths were obtained by adjusting this

equation accordingly. Grapnel throws were made from the bank, parallel to all points at

which helophyte vegetation was sampled. Drained weight of material was determined in

the field by weighing on a Sartorius spring balance. Where a mixture of species was

obtained these were either sorted and weighed individually, or, in the case of large

samples (>1kg fresh weight), were allocated weights based on a visual assessment of

the % composition of the sample. Species recorded in only trace amounts (ie. too low

for accurate weighing) were awarded a statutory value of 0.1gDWm-2. Plants whose

identity could not not be reliably determined in the field were identified in the laboratory

from keys (Wigginton & Graham, 1981; Rich & Rich, 1988; Stace, 1991) and by

reference to voucher specimens.

Floating-leaved species comprised all free-floating species (lemnids), including

the Lemnaceae, Azolla filiculoides and Hydrocharis morsus-ranae plus the floating-

leaved rooted species (nymphaeids), notably the lilies and Potamogeton natans. Lemna

trisulca was included in the floating-leaved category since, although this species often

exists as dense swarms of plants distributed throughout the water column, or, more

usually, floating just beneath an established mat of other Lemna species, grapnel

sampling is liable to underestimate its abundance. Grapnel sampling was generally

inappropriate for natant species due to the poor retention of the sample on the grapnel

and abundance was therefore estimated as % cover by an extension of the transect

sampling approach. In the case of the Lemnaceae and Azolla filiculoides, whose

populations may range from a simple monolayer to a mat >5cm thick, this approach

was complemented by sieving plants from a known surface area of water to determine

the weight of the mat. This value was subsequently converted to gDWm- 2 assuming a

dry: wet weight ratio of 1:20 in line with empirical measurements of water contents of

94-96% in lemnids (R.A. Janes, pers. comm.).

To maintain comparability with the submerged and free-floating components and

allow an estimate to be made of the total mean standing crop of vegetation at a site, the

abundance of nymphaeids and emergent plants was also expressed as mean live above-

ground standing crops (gDWm-2). Strictly speaking this value ought to have been
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determined by destructive harvesting of all plants within replicate quadrats. Due to time

costs, such an exercise would however, have greatly restricted the number of sites

which it was possible to visit, as well as causing unacceptable damage to lily-beds and

the integrity of reed fringes along some lengths of channel. Consequently, mean

percentage cover at a site, as assessed by transect sampling, was converted to estimated

standing crops using values obtained from an extensive survey of published biomass

figures (Appendix 3.4). In all cases these refer only to the dry weight of live above-

ground material. It is well known that in many perennial wetland macrophytes,

including nymphaeids and tall, stand-forming emergent species, a substantial

proportion of the total standing crop is allocated to below ground tissue (eg. Jervis,

1969; Whigham & Simpson, 1978; Brock et al., 1983; Twilley et al., 1985), which, if

excluded from calculations, may lead to gross underestimates in production (Whigham

& Simpson, 1978). Together with the biomass of dead litter, which may equal or even

outweigh the biomass of live above ground material (Wheeler & Shaw, 1991), this

component of the vegetation may also play a major role in dominance mechanisms of

terrestrial plants (Grime, 1979) although Wheeler & Shaw (1991) could not confirm

this trend in fen vegetation. In the present study however, the use of above ground

standing crop alone was dictated by the limited availability of information on below-

ground material and litter and was considered satisfactory as a quantitative index of

general abundance, directly equatable to observed percentage cover.

There is a substantial body of literature reporting biomass values for the tall-growing

emergent monocot species, probably largely as a result of their characteristic dominance

of shallow wetlands and normally high contribution to total primary production as well

as, in some cases, an economic value as a crop or potential use in waste-water treatment

systems. Certain herbaceous perennials, including Apium nodiflorum, Berula erecta

and Rorippa nasturtium-aquaticum are also well represented, reflecting the extensive

practical management experience associated with their occurrence as weed species in

shallow lowland watercourses (Westlake et al., 1972) and, additionally in the case of

water-cress, cultivation as a food plant. There is a large range of variation in published

values for all species, reflecting the phenotypic variability inherent in natural

populations, plus differences in timing and environmental conditions underwhich

measurements have been made. The values used in the present study are therefore

typical of a broad range, or relate to those for populations growing under conditions

which most closely resemble those found on canals. Unfortunately, standing crop

estimates appear to be very scarce or lacking for many small herbaceous annuals,

together with a surprising number of commoner 'megaforbs' such as Epilobium

hirsutum and Rumex hydrolapathum, although recent studies of standing crops in rich-

fen vegetation (eg. Wheeler & Shaw, 1991) have partially remedied this defficiency.
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Where values are unavailable, intuitive estimates based on measured or reported values

for species of similar growth form have been used. At the majority of sites however,

cover values for low-growing annual species (most commonly Lycopus europaeus and

Scutellaria galericulata) seldom exceed 0.1%, so the overall effect of a 50% margin of

error in the biomass values chosen for these species is very small and usually amounts

to no more than ± 1 gDWm-2, even where several such species occur at a site.

Appendix 3.5 contains dry-weight data obtained for all species at all sites using

the above techniques. A full list of species recorded in these surveys is given in Table

3.1.

2.1.3 Measurement of physico-chemical variables

A series of measurements of environmental variables were taken at all sites

visited. For simplicity the techniques used are presented in tabulated form (Table 3.2).

Variables are given by their full names and the abbreviated form by which they are

subsequently referred to in regressions and ordination analyses. For convenience, the

codes of all environmental variables, species and site abbreviations are given on a fold-

out sheet at the back of the thesis. Measurements of additional variables were obtained

by reference to external data sources and maps. These variables included traffic density,

aspects of site morphometry and regional geology, climate and relief (see Table 3.2).

Traffic density was determined from annual lockage data supplied by British

Waterways using the mean value from the years 1988-1990 followed by conversion to

linear movements (MY) using lockage ratios calculated by Pygott (1987). These ratios

are necessary to compensate for traffic underestimates due to lock sharing and

alternation and are designed to take into account differences between broad (16') and

narrow (8') locks, and changes in the number of days for which locks are in use as

traffic density increases. Once annual lockages exceed 2000, lockage ratios are more or

less constant, approximating to 1.51 and 2.25 on narrow and broad canals respectively

(Pygott, 1987). Lock-free canals (eg. Ashby and Lancaster Canals) present a problem

for traffic estimation which has been addressed by calculating trip functions for hire

and private boats using data obtained by log-book surveys, combined with information

on the size and location of moorings and hence their scope for traffic generation. A

recent computer model which integrates these sources of information has been written

by Peter Gould of The University of Liverpool, Applied Mathematics Department. This

model was utilised to give traffic estimates for lock-free canals, coupled with intuitive

assessments of traffic density based on data from the nearest lock counters and the

position of sampling sites relative to moorings. Independent verification was provided

by experienced British Waterways staff. All traffic estimates were subsequently
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Table 3.1. Macrophytes recorded during mainline canal and sidewater surveys 1990-91

SPEC IES1
	

COMMON NANIE 1 C 0 DE2 FORM3

Achillea ptarmica L.
Acorus calamus L.
Agrostis stolontfera L.
Alisma lanceolatum With.
Alisma plantago-aquatica L.
Alopecurus geniculatus L.
Angelica sylvestris L.
Apium nodiflorum L.
Aster x salignus Wind.
Az.olla filiculoides Lam.
Benda erecta (Buds.) Coville
Bidens cernua L.
Bidens tripartita L.
Butomus umbellatus L
Callitriche hanutlata Kuetz. ex Koch
Callitriche platycarpa Kuetz.
Callitriche stagnalis Scop.
Caltha palustris L.
Cardamine amara L.
Cardamine fiexuosa With.
Card:mine prutensis L
Carex acutifonnis Ehrh.
Carex binervis Smith
Carex hirta L
Carex nigra (L.) Reichard
Carer otrubae Podp.
Cares paniculata L.
Carex pseudocyperus L
Carer remora L
Carer nparia Curtis
Cares rostraw Stokes
Carer vesicaria L.
Ceratophyllum demerstun L
Chara globularis Thuill.
Cicala virosa L.
Cirsium palustre (L) Scop.
Cladophora glomerate, (L.) Kutz.
Dactylorhiza praetennissa (Druce) Soo
Dactyloritiza purpurella (T & TA Stephenson) Soo
Descharryrsia cespitosa (L) P. Beauv.
Eleocharis acicularis (L) Roemer & Schuttes
Eleocharis palustris (L) Roemer & Schuftes
Flodea canadensis Nlichaux
Elodea nutiallii (Planch.) H. St. John
Enteromorpha flexuasa
Epilobium hirsutum L
Epilobium palustre L
Epilobium leo-osmium L
Equisetum fiuviatile L
Equiseturn palustre L
Eupatorium cannabinsun L.
Filipendula ulmaria (L) Maxim.
Fontinalis- couipyretica Hedw.
Galiton palustre L
Glyceria declinata Breb.
Glycmia fiuitans (L) R. Br.
Glyceria maxima (Hartman) 0. Holinb,
Glyceria pedicellata F. Towns.
Hippuris vulgaris L
Hydrocharis morsus-ranae L
113drocotyle vulgaris L
Hydrodimyon reticulation
Impatiens capensis Meerb.
Impatiens glandulifera Royle
Iris pseudacorus L
Jun cus anti:flow Flesh. ex Hoffm.
Juncus arfirulatus L
Juncos bufonius L.
Juncus bulbosus L
Juncus compressus Jacq.
Juncus conglomerants L
Juncus effusus L
Juncu.s inflexus L
Juncos subnodulosus Schrank
Lagarasiphon major (Ridley) Moss
Lem= gthba L
Lemna minor L.
Lemma minuta Kunth
l_emna trisulca L
Lotus pedwiculatus Cav.

Sneezewart
Sweet Flag
Creeping Bent
Narrow-leaved Water-plantain
Common Water-plantain
Marsh Foxtail
Wild Angelica
Fool's Water-cress
Common Michaelmas-daisy
Water Fern
I.esser Water Parsnip
Nodding Bur-marigold
Trifid Bur-marigold
Flowering-rush
Intermediate Water-starwort
Long-styled Water-starwort
Common Water-starwort
Marsh Marigold
Large Bitter-cress
Wavy Bitter-cress
Cuckooflower
Lesser Pond-sedge
Green-ribbed Sedge
Hairy Sedge
Common Sedge
False Fox-sedge
Greater Tussock-sedge
Cyperus Sedge
Remote Sedge
Greater Pond-sedge
Bottle Sedge
Bladder-sedge
Rigid Homwort
Stonewort
Cowbane
Marsh Thistle
Blanket Weed
Southern Marsh-orchid
Northern Marsh-orchid
Tufted Hair-grass
Needle Spike Rush
Common Spike Rush
Canadian Waterweed
Nuttall's Waterwetd

Greater Willowherb
Marsh Willowherb
Square-Stalked Willowherb
Water Horsetail
Marsh Horsetail
Hemp-agrimony
Meadow-sweet

Common Marsh-bedstraw
Small Sweet-grass
Floating Sweet-grass
Reed Sweet-grass
Hybrid Sweet-grass
Mares-tail
Frogbit
Marsh Permywort
Water-net
Orange Balsam
Himalayan Balsam
Yellow Iris
Sharp-flowered Rush
Jointed Rush
Toad Rush
Bulbous Rush
Round-fruited Rush
Compact Rush
Soft Rush
Hard Rush
Blunt-flowered Rush
Curly-leaved Water Thyme
Fat Duckweed
Common Duckweed
Least Duckweed
Ivy-leaved Duckweed
Greater Bird's-Foot trefoil

H (F)
Aeal	 H (F)

H (F)
Alla	 H (E)t/P (N)/S (1)
Alps	 H (E)t/P (NYS (1)

H (F)
H (F)

Apno H (F)
H (F)
P (L)

Beer	 H
Bice	 H (F)

H (F)
Buum	 (E)
Cahn	 S (I)

S (I)
Cast	 S (1)V11 (F)

H (F)
H (F)
H (F)
H (F)

Cxac H (F)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)

Cxri H (F)
H (F)
H (F)

Cede S
Char	 S(T)

H (F)
H (F)

Clad	 S
H (F)
H (F)
H (F)
S (1)
H (F)

Ecan	 S (E)
Enut	 S (E)
Entm S
Epi I	 H (F)

H (F)
H (F)

Eqfl	 H	 (F)
H (F)
H (F)
H (F)

H (F)
H (FYI' (1.1)t

Gflu	 H (F)/F (H)t
Gmax	 (F)

H (F)/P (NA
H (ENS (E)

Hmor P (L)
H (F)

Hyre S
Impc H (F)

H (F)
Iris	 H (F)

H (F)
Juar (F)

H (F)
H
H (F)
H (F)

Juef	 (F)
Juin H (F)

H (F)
S (E)

Legi	 P (L)
Lemi P (L)

P (1-)
Letr	 P (L)t/S

H (F)
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Luronium natans (L.) Raf.
Lycopus europaeus L.
Lysimachia nununularia L.
Lysimachia thrysillora L.
Lysimachia vulgaris L.
Lythntm portula (L.) D. Webb
Lyzhninz salicaria L.
Mentha aquatim L.
Menwnthes in:Pilaw L.
Mimulus guttatus DC.
Myosotis laxa Lehm.
Myosotis scorpioides L.
Myosoton aquaticum (L) Moench
Myriophyllum alterniflontm DC.
Myriophyllum spicatum L.
Nitella flexilis (L.) Agardh
Nuphar Itaea (L.) Smith
Nynphaea alba L.
Nymphoides peltata Kuntze
Oenanthe aquatica (L) Poiret
Oetanthe crocata L
Oenanthe jistulosa L.
Plzalaris anazdinacea L.
Phragmites australis (Cav.) Ti-in. ex Steudel
Pea hurrahs Ehrh. ex Hoffm.
Poa trivialis L.
Polygonum amphibia (L) Gray
Polygonum hydropiper (L.) Spach
Polytri chum commune Hedw
Potamogeton alpinus Balb.
Potamogeton berduoldii Fieb.
Potamogewn compressus L.
Potamogeton crispus L
Powmogeton friesii Rupr.
Potamogeton lucens L.
Poicurzogeton nalans L.
Potamogeton obtustfolitts Mat. & Koch
Potamogewn pectinatus L.
Potamogeton perfoliatus L
Potamogeton pusillus L
Potamogeton trichoides Cham.& Schlecht
Potamogeon x benneuii Fryer
Potamogewn x cooperii (Fryer) Fryer
Ranunculus circinatus Sibth.
Ranunculus jlanunula L
Ranunculus fluitans Lain.
Ranunculus hedemceus L.
Ranunculus lingua L
Ranunculus penicillatus sap pseudofluitcuts (Syme) S. Webster
Ranunculus sceleratus L
Riccia fluitans L.
Rorippa amphibia (L) Balser
Rorippa nasturtiwn-aquatiaan (agg.) (L) Hayek.
Rorippa palustris (L) Besser
Rumex crispits L
Rionex hydrolapaduun Hudson
Sagittaria sagitufolia L
Schoenopleaus lacusuis (L) Palls
Scropludatia auriculara L
Scutellaria galericulata L
Senecio aquaticus Hill
Solanum Marmara L
Sparganiwn emersum Rehmann
Spargcutium erection L
Sphagnum recurvum P. Beauv
Spirodela polyrrhiza (L) Schleiden
Spirogyra sp
Stachys palustri.s L
Strati otes abides L
Stellaria uligirtosa Murray
Triglochin palustris L
Typha angustifolia L
Typha latifolia L.
Vale riana officinalis L
Vaucheria didwtorna
Veronica anagallis-aquatica L
Veronica beccabunga L
Viola palustris L.
Zannichellia palustris L.

Floating Water-plantain	 Luna
Gypsywort	 Lyco
Creeping-Jenny
Tufted Loosestrife
Yellow Loosestrife
Water-purslane
Purple-loosestrife 	 Lsal
Water Mint	 Meaq
Bogbean
Monkey flower
Tufted Forget-me-not
Water Forget-me-not	 Mssc
Water Chickweed
Alternate Water-milfoil	 Myal
Spiked Water-milfoil 	 My sp
Stonewort
Yellow Water-lily 	 Nulu
White Water-lily	 Nyma
Fringed Water-lily	 Npel
Fine-leaved Water-dropwort
Hemlock-leaved Water-dropwort Oecr
Tubular Water-dropwort
Reed Canary-grass	 Phal
Common Reed	 Phra
Speading Meadow-grass
Rough Meadow-grass
Amphibious Bistort	 P0am
Water-pepper
Oak moss
Red Pondweed	 Palp
Small Pondweed
Grass Wrack Pondweed 	 Pcom
Curled Pondweed	 Peni
Flat-stalked Pondwecd	 Pfri
Shining Pondweed	 Pluc
Broad-leaved Pondweed	 Pnat
Blunt-leaved Pondweed 	 Pobt
Fennel Pondweed	 Ppec
Perfoliate Pondweed	 PPer
Lesser Pondweed
Hairlike Pcndweed	 Ptri
Bermett's Pondweed
Cooper's Pondweed
Fan-leaved Water-crowfoot	 Ranc
Lesser Spearwort
River Water-crowfoot
Ivy-leaved Crowfoot
Greater Spearwort	 Rani
Stream Water-crowfoot
Celery-leaved Water-crowfoot
Cry stalwort	 Rice
Great Yellow-cress
Water-mess	 Rona
Marsh Yellow-cress
Curled Dock
Water Dock	 Rumx
Arrowhead	 Sgsg
Common Club-rush
Water Figwort	 Scaq
Skullcap
Marsh Ragwort
Bittersweet	 Sodu
Unbranched Bur-reed	 Spem
Branched Bun-reed 	 Sper
Sphagnum moss
Greater Duckweed	 Lepo

Spir
Marsh Woundwort	 Stac
Water-soldier
Bog Stitchwort
Marsh Arrowgrass
Lesser Reedmace	 Tyan
Reedmace	 Tyla
Common Valerian

Vauc
Blue Water-Speedwell
Brookline	 Vabe
Marsh Violet
Homed Pondweed

P (N )t/S (I)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)t/S (E)
H (E)
H (F)
H (F)
H (F)
H (F)
S (F)
S(E)
S (1)
P (N)
P (N)
P (N)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)
H (F)
P (N)t/H (F)
H (F)
H (F)
S (E)t/P (N)
S (E)
S (E)
S (F)
S (F)
S (E)
P (N)t (F)
S(F)
S (E)
S (E)
S (E)
S (E)
S (E)
S (E)
S (E)
H (F)
S (F)
H (F)
H (F)t/H (E)
S (E)
H (F)
P (L)
H (F)
H (F)11P (1-.)
H (F)
H (F)
H (F)
H (E)t/P (N)
H (E)tiP (N)
H (F)
H (F)
H (F)
H (F)
P (N)VH (E)
H (F)
H (F)
P (1-)

H (F)
P(L)
H (F)
H (F)
H (F)
H (F)
H (F)

H (F)
H (F)t/ S (H)
H (F)
S (E)

1. Names follow Stace (1991). 2. Abbreviated code for species included in ordination analysis. 3. Growth form(s) in which
species were observed. H = helophyte; F = fringing; E = emergent; S = submerged; I = isomid; E elodeid; P =
pleustophyte; N = nymphaeid; L = lemnid. Classification of species with multiple growth forms is indicated by t. NOTE:
alternative growth forms exist for many of the above species when present in other habitats.
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standardized to units of movements ha- 1 m depth- 1 yr- 1 (Murphy & Eaton, 1983)

(MHY), based on a hypothetical channel cross-sectional area of 10m 2, by multiplying

linear traffic by the measured cross-sectional area (XSEC)/10. In the case of a

sidewater the measured profile from the apex of the site to the nearside of the channel

was used to calculate average traffic density over the full cross sectional area.

Measurements of site area, bank perimeter, mouth width (ie. length of interface

with the main channel) and length (distance from the furthest point in the site to the

main-channel) were obtained from enlargements of 1: 2500 scale OS maps. Where a

site was found to have been substantially modified it was remapped in the field. AREA

was estimated by cutting out the shape of the sidewater, weighing it to four decimal

places on a Sartorius balance and subsequently converting values to m2 using a

calibration line of weight of paper against known areas. Other measurements were

made with a map-wheel.

Information on biological water quality was taken from the maps prepared for the

1985 report on River Water Quality in England & Wales (DoE & Welsh Office, 1985).

For the 13 Scottish sites water quality was assumed, after inspection, to be Grade 1B,

except for three sites on the Union Canal which were visibly polluted or suffering from

severe deoxygenation stress due to pesistent Lemna cover, and two sites on the

Glasgow Branch of the Forth & Clyde Canal, which appeared to be receiving storm

water overflows and were polluted by domestic refuse.

Physical characteristics of the catchment were assessed simply as the presence or

absence of land over 300m in the same 101cm grid square in which the sample site was

located (300Y/N) and from the predominant rock type. Relief data was taken from 1:

50 000 OS sheets. Five principle sedimentary rock groupings were distinguished based

on maps of generalized geology, scale 1: 20 million (Bickmore & Shaw, 1963). These

groups comprised CLAY (clays, mudstones, shales and slates), SAND (friable or hard

sandstone or quartzite) and CALC (chalk, oolitic, massive and metamorphic

limestones) plus CLCC (where clays and calcareous rock were closely intermixed) and

SDCL (where sands and clays formed an overlapping series). The main objective was

to include a variable which might influence the composition of the regional species pool

or features of water chemistry other than conductivity, rather than providing a highly

site-specific measure of geology which would not neccessarily reflect the characteristics

of the dominant source of water feeding the canal.

Climate data was obtained from maps of mean July temperatures, 1941-70,

corrected to sea-level, prepared by Chandler & Gregory (1976). The range of mean

47.



July temperatures over all sites in the present survey was 14-17°C but only 23 sites

were situated in regions with a recorded mean of below 15°C or above 16°C. Since

categories represented by a very small number of sites are likely to produce outliers in

ordination analyses, their use is best avoided. The 16°C isotherm was therefore used as

a temperature cut-off to separate sites. Sites with a mean July temperature of less than

16°C are essentially those situated in the western half of Wales or north of a line from

Liverpool to Hull.

Since mainline and sidewater sites were always in close proximity to one another,

only a single set of data for both sites was collected on water quality, catchment and

climate characteristics. Data on all environmental variables for sidewater and mainline

sites is given in Appendix 3.6.

2.2 Intensive site surveys (summer 1991)

2.2.1 Site selection 

17 sites were selected for this survey, chosen to provide coverage of the full

range of traffic densities and to be representative of the vegetation communities

determined after analysis of the results of the extensive survey. A national geographical

coverage was retained at the request of British Waterways staff. Several of the sites

were of special interest because it was felt that they had potential as future refuge sites.

Descriptions of all sites studied are included in Appendix 3.7.

2.2.2 Measurement of environmental variables

Vegetation and environmental variables at all sites were resurveyed using the

techniques already described. Additionally measurements were taken to provide

information on the nature of the substrate. The substrate at each site was inspected for

the presence of undecayed organic matter, black ferrous sulphide, gas release on

disturbance and other indicators of reducing environments. Measurements of dissolved

oxygen saturation were taken at the surface and on the bed, using a microprocessor

oximeter (WTW; OX! 196) calibrated to 100% saturation in air. Substrate softness was

measured using a penetrometer (Hakanson, 1986). This comprised a 0.6m diameter

steel disc with a hole in the centre and struts to guide a free moving steel rod

(length=2.0m, diameter=l2mm; weight 0.6kg) through this hole. The steel disc was

intended to avoid overcompaction of the substrate during sampling. Penetrability was

measured as the distance fallen by the rod when released from a position flush with the

sediment surface. This approach has been used successfully in other studies (Giroux &

Bedard, 1987; Weisner, 1991) and provides a single measure of sediment softness,

which reflects sediment water content (Hakanson, 1986), a measure with which other
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substrate variables such as density, sand content, organic matter content and mean grain

size are strongly correlated (eg. Lillie & Barko, 1990), but which could not be

measured within the time scale of the present work.

2.2.3 Invertebrate sampling

The assessment of invertebrate populations in sidewaters relative to those found

in the main-channel was intended to provide a reasonably extensive comparative picture

of the differences in invertebrate populations between these sites, rather than a detailed

intensive record of invertebrate populations at a small number of sites. At each site,

cores 15cm in length were collected using a lm long perspex tube 5cm in diameter. The

use of a long transparent corer permitted sampling to a constant sediment depth and

allowed the corer to be guided between plant stands with minimum disturbance of the

vegetation, which might otherwise have resulted in contamination of cores by weed-

associated animals. The degree of replication was proportional to site area, but was

probably rarely adequate for a statistically rigorous description of sidewater benthic

invertebrate populations, due to time constraints, both in the field and in the anticipated

time costs of laboratory processing of samples. In the main-channel, three benthic cores

were collected from the sediment on the offside of the channel.

Techniques used for the sorting and processing of invertebrate cores in the

laboratory are described in detail in Chapter 4.

Epiphytic invertebrates were sampled by routine grapnelling of submerged

vegetation. This technique will discriminate against the more mobile component of the

fauna, including notonectids, mites (Hydracarina) and the aquatic Coleoptera, due to

loss of animals on retrieval of the grapnel plus weed. Visual observations indicated

however, that it was a relatively effective quantifiable technique for sampling leeches

(Hirudinea), mollusca, Asellus and damselfly nymphs (Zygoptera). These groups are

either attached to plant foliage or habitually cling to this substrate during disturbance.

Only 7 of the 17 sites covered in this survey contained significant quantities of

submerged vegetation and of these 7 sites, 4 were located on canals with traffic

densities of 1000my or less. In these cases, the main-channel was also well vegetated

and preliminary examination of vegetation samples suggested no major qualitative

differences between epiphytic invertebrate populations found in the two types of site.

Since the emphasis was on exploring potential differences  between sidewater and main-

channel sites at moderate to high traffic densities, investigation into epiphytic

invertebrate populations was regarded as a low priority and is not considered further in

this thesis.
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2.3 Analytical approach

2.3.1. Introduction 

Large multivariate data sets (in this case 179 sites, 160 species, and 50

environmental variables) are characterised by data which are bulky, complex, show

noise, redundancy, internal relations and outliers and include information which is only

indirectly interpretable (Gauch, 1982). A suitable analytical approach therefore requires

rational planning and discretion to avoid data 'dredging'.

Individual steps of the strategy adopted are described in detail below, but in

general terms the analysis sets out to provide an overall impression of the ecological

differences between sidewaters and the main-channel by means of simple pairwise

comparisons. These begin with species abundance and frequency of occurrence,

followed by vegetation composition and species density, with supporting comparisons

of environmental variables designed to offer a basis for initial hypothesis generation.

Considering sidewater and mainline sites independently, the relationship between

environmental variables and components of the vegetation are then explored by multiple

regression and subsequently by stepwise regression, as a means of identifying key

variables which are appropriate explanatory variables for the illustration of general

tends, using simple linear regression. To complement these analyses, Principal

Components Analysis (PCA) is then used to produce a graphical display summarizing

the interrelationships among environmental variables in each type of site. Stepwise

regression is then used to test the explanatory power of differences between sites in

terms of their environmental variables against differences in their vegetation. Switching

to relative abundance, Canonical Correspondence Analysis (CCA) is used to provide an

environmentally-based ordination, summarising differences in species composition

amongst sites. Finally a clustering of sidewater sites on the basis of their vegetation

structure is subjected to multiple discriminant analysis to provide an overview of the

environmental factors which underly these broad vegetation types and their

interrelationship with hydroseral succession and disturbance events in canals.

Hypotheses formulated as a result are intended to highlight remaining gaps in our

understanding of canal plant communities and to provide a direction for further

research. The overall approach is therefore complementary use of regression analysis

and ordination analysis to deal respectively with absolute and relative abundance

aspects of the data, as advocated by ter Braak (1990b), with a final attempt to

synthesize the findings using discriminant analysis.

2.3.2 Data transformation

Plots of frequency distributions of species data and environmental variables

usually showed a highly skewed distribution. To fulfill the distribution requirements of

50



parametric testing, species data and all continuous environmental variables with a

skewed distribution were transformed to their natural logarithims, using the formula

x'=loge (x+1)

which allows for the presence of zero values. Visual inspection of plots of frequency

distributions after data transformation confirmed a reasonable approximation to a

normal distribution after discounting the tail of zero values in the species data.

(Absences are not a problem in ordination techniques, since they are ignored in the

calculation of weighted averages). In the case of boat traffic density, expressed as my

and mhy, a square root transformation was necessary, since loge (x+1) could not

provide a satisfactory approximation to a normal distribution over the full range of

traffic densities encountered.

All environmental variables were centred and standardised to zero mean and unit

variance to remove arbitrariness in units of measurements and so permit comparisons

among variables.

2.3.3 Comparisions of environmental variables in sidewater and mainline

Pairwise differences between 1n-transformed quantitative variables were tested

using paired t-tests. Differences between scores of ordinal variables were tested using

the Wilcoxon signed ranks test. Variables measured on only a nominal scale (ie.

channel profile type and landuse) were compared between sidewaters and main-channel

sites as a whole, using chi-squared tests for two independent samples. In the case of

the nominal variables, aspect and geology, no pairwise testing was appropriate since

only a single set of data was collected for these more topographically-based factors and

used for both sidewater and mainline sites.

2.3.4 Comparison of vegetation composition and species density between

sidewater and mainline. 

A number of attributes of the vegetation were used in comparisons between

sidewater and main channel. These included total plant biomass (gDWm- 2) and the

biomass of the individual submerged, floating-leaved and emergent components.

Floating-leaved and emergent vegetation were expressed as % cover and submerged

and floating-leaved plant biomass and floating-leaved plant cover was adjusted for

differences in the area of colonisable open water caused by the variable extent of

emergent vegetation. These variables could not be satisfactorily transformed due to zero

values and were therefore analysed using the Wilcoxon signed-ranks test.
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Data on species density was analysed as total number of species per site and in

terms of the number of species, allocated according to their main growth forms to (i)

fringing and emergent (ii) submerged and (iii) free-floating and floating-leaved rooted.

Species-density data could not be successfully normalised by transformation, so was

analysed using Wilcoxon signed ranked tests.

Since data for mainline sites was collected in standard 150m sections of bank,

relating to a water area of 0.075-0.09ha, while sidewater sites ranged widely in their

perimeters (23-740m) and water areas (0.05-2.4ha) there was clearly a problem in the

comparability of data between the two sets of sites. Two solutions were used, the first

being to exclude from the analysis the 20 sidewaters which had a perimeter larger than

150m. Since there were a priori reasons for hypothesising that species richness would

be greatest in sidewaters, the exclusion of this small number of unduly large sites

would then at least allow a confirmation of this hypothesis to be distinguished from a

mere perimeter artefact. Sites with a perimeter only slightly larger than 150m are

unlikely to pose a major problem, due to the almost asymptotic nature of the

relationship between total species and bank length at distances above 120m (Pygott,

1987), but the few much larger sites could potentially have an overriding influence on

the outcome of the comparisons. Ranking-based tests which are less sensitive to

numerically large deviations are an advantage in this respect. The second solution,

discussed below, was to accept the difference in site perimeter and to incorporate this as

an explanatory variable in multiple regression analysis, so as to determine its

importance relative to the differences in other environmental variables in accounting for

the differential in species number between mainline and sidewater sites.

2.3.5 Paired comparison of species abundance and frequency of occurrence in

sidewater and mainline sites. 

The abundance (gDWm-2) of individual species remained highly positively

skewed even after logarithmic transformation, due to the predominance of zero values,

ie. absences. Indeed no single species occurred at more than 63% of the sites visited.

Consequently, the Wilcoxon signed ranks test, the non-parametric counterpart of the

paired t-test, was used to assess the significance of pairwise differences in absolute

(untransformed) abundance scores between sidewater and mainline sites. This test

ranks the differences between pairs of samples according to both the magnitude and

direction (positive or negative) of the differences, the null hypothesis being that the

abundance of a species does not differ between sidewater and mainline sites (ie. the

sum of the positive ranks and negative ranks are equal). A simple sign test was also

applied to the species data after recoding to a nominal presence/absence scale to allow
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differences in frequency of occurrence to be compared with the results for abundance.

Here the null hypothesis was that a species had an equal probability of occurrence in

either a sidewater or the main channel (ie. the median difference between sidewater and

mainline scores was zero) and the statistic followed the binomial distribution in small

samples (N<35) or its normal approximation in large samples (Siegel & Castellan,

1988). In both cases testing was confined to those species recorded in at least 10

sidewater and/or mainline sites (67 species).

2.3.6 Relationships between environmental variables

PCA was used to obtain a covariance biplot (ter Br-oak, 1987a), as a tool for

exploring the relationships among environmental variables and key elements of

vegetation structure and species richness in sidewater and main-channel sites,

considered independently of their species data. The biplot diagram is based on the

matrix of linear correlations between variables, the site scores being standardized to unit

sum of squares. The scores for the variables are obtained by weighted summation of

these site scores via the PCA algorithm (ter Braak, 1987a). Using this scaling, the

angle between two variable arrows is proportional to their degree of correlation,

perpendicular arrows being mutually uncorrelated and those running parallel but in

opposite directions being perfectly negatively correlated.

2.3.7 Relationships between vegetation, species richness and environmental 

variables

Multiple and stepwise linear regression were used to search for principal

determinants of species richness, diversity and standing crop of vegetation and to

compare the importance of different factors acting on sidewater and mainline sites.

Multiple regression was applied to all variables, with dummy values being specified for

nominal variables so as to circumvent problems of colinearity (Draper & Smith, 1966).

This provided an optimum linear combination of environmental variables to explain the

variance in the response variable. Stepwise regression was subsequently used to derive

a subset of the environmental variables which contributed most significantly to the

explanation of this variance. This procedure operates by selecting the best explanatory

variable, before entering further variables which best explain the residual variation in

this and subsequent regressions. At each step the contribution of new and previously

added variables is reassessed and formerly significant variables, which have become

redundant as a result of correlations with more recently entered variables, are removed.

The regression terminates when none of the remaining variables are related significantly

(P=<0.05) to the residual variation. In the light of warnings given by Draper & Smith

(1966), simple linear regressions were performed prior to stepwise regression to
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establish the suitability of a linear response model and to ensure that the dependent

variable was normally distributed for any given value of x. At each step the distribution

of residuals from the previous regression was also inspected for heteroscedascity

before attempting the fitting of further variables.

The pairwise sampling approach adopted in the field allowed investigation of the

relationship between numerical differences in vegetation variables between sidewater

and main channel against corresponding differences in environmental variables. Hence,

multiple regression was used to test, on a site-specific basis, the effectiveness of

differences in environmental characteristics between pairs of sites in explaining

differences between the structure and species richness of their vegetation.

In the light of multiple regressions, key environmental factors were then selected

for use in simple linear regression as a means for graphically displaying the main

components of the variance in plant abundance or species richness.

2.3.8 Species composition 

Ordination offers a range of techniques for graphically summarising the latent

structure of large multivariate data sets. A direct-gradient approach (sensu Whittaker,

1967) was used in this study, since the primary interest lay in the formal relationship

between the relative species composition and simultaneous measurements of

environmental variables. This contrasts with indirect-gradient analysis (eg. PCA,

Correspondence Analysis (CA) or its detrended version (DCA)), in which an

environmental basis to the ordination is inferred retrospectively, usually on the basis of

prior knowledge of site conditions or habitat preferences of particular species, coupled

with simple regressions of sites scores on key environmental variables. The choice of

method was simplified further by making the assumption that species would exhibit a

non-linear response to environmental gradients, as exemplified by the bell-shaped

response curves commonly reported in ecology (see Gauch & Whittaker, 1972), rather

than a linear monotonic relationship. DCA verified this assumption and, by analysis of

species data independently of environmental variables, provided a baseline against

which to assess the efficiency of the measured variables in explaining the variance in

the species data. CCA, the canonical form of correspondence analysis, is the only

ordination technique which satisfies the dual requirements for direct-gradient analysis

of species data with an underlying non-linear model. All analyses were undertaken

using the programme CANOCO, version 3.10 (ter Braak, 1987b, 1990ab).

The coordinates of species and sites on an ordination diagram are given by their

scores on the first (horizontal) and second (vertical axes). In correspondence analysis
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(alias reciprocal averaging, Hill (1973)), these scores are derived via an iteration

process employing a two-way weighted averaging algorithm. This calculates weighted

averages for each species based on abundance values at sites which are distinguished

initially by arbitrary scores (see ter Bra:1lc, 1987a). Weighted averaging, first introduced

in 1948 by Ellenberg, has a long established use in ecology for the estimation of

indicator values for individual species based on their response to key variables and can

be shown to approximate the maximum likelihood solution of a Gaussian response

model by which a bell-shaped curve is described (ter Braak, 1986a). The calculated

species scores are subsequently used to derive new site scores by weighted averaging.

This step is then repeated by calculating new species scores, based on the site scores

just determined and continues until the iteration converges to the point that new site

scores differ only very slightly from those calculated in the previous step. At this point,

maximum separation of the site scores is achieved, with the importance of the axis in

explaining the underlying structure of the species data being reflected in the magnituie

of its eigenvalue. Subsequent axes may be extracted, subject to the constraint that they

are mutually independent of previous axes and thereby do not duplicate information.

Mutual independence is ensured using an orthogonalisation procedure. CA axes may be

thought of as theoretical variables which provide a best-fit display of the species data by

maximising dispersion of the site scores.

The CCA algorithm follows a similar principle but incorporates a multiple

regression step as a means of redefining the site scores (which were obtained by

weighted averaging of the species scores) to be a linear weighted sum of the

environmental variables. Hence, when the iteration stabilises, the site scores may be

displayed on a diagram where each axis symbolises a compound environmental

variable, composed of the linear weighted sum of the individual variables. The

weightings given to these variables in the axis function are termed canonical coefficients

and provide a measure of the relative importance of the variables in separating the sites.

In the scaling used in this study, the species scores consist of weighted averages of the

sample scores (CANOCO scaling 2; ter Braalc, 1987b, 1990a).

To reduce the site by species matrix to more manageable dimensions, while

retaining the most widespread and ecologically important species, those contributing

less than 0.1% of the estimated total plant biomass recorded over all sites were

excluded from further analyses. This had the effect of removing all species found at

only one or two sites, together with a few more widespread species such as Scutellaria

galericulata, Galium palustre, Angelica sylvestris and Filipendula ulmaria, which

occurred only in very small quantities at any one site and were peripheral to aquatic

habitats. Of the species then remaining, those present at three sites or fewer were
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rendered passive by zero weighting. This prevents them from influencing the outcome

of subsequent ordination analyses, which are otherwise liable to distortion by species

found in abundance at a very few sites where normally common species are

consequently relatively poorly represented (Hill, 1979). These very locally abundant

species included several known or suspected to be of introduced origin such as

Hydrocharis morsus-ranae, Nymphoides peltata, Nymphaea alba and Ranunculus

lingua. They would, in any case, normally be down-weighted. Species data sets were

analysed in two groups viz. 'all principal species', which included all species

contributing more than 0.1% of the total recorded biomass for each group of sites and

'principal aquatic species only', which comprised those species contributing more than

0.25% of the total aquatic plant biomass only (ie. excluding all emergent species).

Since the use of an excessive number of environmental variables will weaken the

power of direct-gradient analysis (ter Braak, 1987a) and may, if several variables are

intercorrelated, have a destabilising effect, all variables were subject to forward

selection (see Draper & Smith, 1966; p.169) and unrestricted Monte Carlo random

permutation testing (99 unrestricted random permutations; ter Braak, 1987b, 1990b)

before incorporation of significant variables (P<0.05) into the final model. Variance

inflation factors were also consulted, to ensure inclusion only of those species which

made a unique contribution to the explanation of variance in the species data. To

illustrate the interrelationships between environmental variables and species, other non-

significant variables were included as passive variables and displayed on biplot

diagrams which approximate the weighted average of each species with respect to each

environmental variable.

2.3.9 Relative importance of environmental variables in explaining species

composition

Partial CCA was used as a means of decomposing the total inertia in the data set.

By this process, selected variables are removed from the environmental variables by

defining them as covariables whose contribution to the explanation of variance is then

determined from the drop in canonical eigenvalues relative to those obtained in an

analysis where all variables are included. This is equivalent to running CCA with the

covariables as the only environmental variables.

2.3.10 Relationship between site vegetation structure and environmental variables 

The final stage of analysis was based on a simple classification of sites on the

basis of their overall vegetation structure, considered here simply as the distribution of

biomass between the emergent, submerged and floating-leaved components of the
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vegetation. Using multiple discriminant analysis, the principal aim was to provide a

conceptual overview of the relationship between vegetation structure in sidewaters and

environmental variables, with an emphasis on the absolute rather than relative

abundance of the major components of the vegetation. Several species-based

classification systems might have been used to generate vegetation groupings, including

allocation of sites to National Vegetation Classification (NVC) groups or cluster

analysis, a polythetic agglomerative technique based on the site similarity matrix (eg.

Two-way Indicator Species Analysis [TWINSPAN]). Inspection of the species data

indicated that the number of NYC classes was potentially large, with many sites

containing several different classes, and would therefore defeat the objectives of

simplification. Hall (1988) for example, estimated that more than 60% of all aquatic

plant communities identified in the British Isles were represented on the Basingstoke

Canal. The TWINSPAN approach is sensitive to distortion by rare species, tends to

classify sites primarily according to local species assemblages and therefore

geographical location, and is liable to discriminate classes on the basis of species

which, though of contrasting precise ecological requirements, do not differ markedly in

their effect on vegetation composition as defined here.

A simple monothetic divisive approach was therefore developed, under which

sites were classified into three categories on the basis of the abundance of emergent

vegetation (<10; 10-59.9 and >60% cover), followed by sequential division of these

sites into groups defined firstly by the abundance of submerged vegetation (three

classes: <1; 1-24.9 and >25gDWm- 2) and secondly by the cover of floating-leaved

vegetation (<1; 1-9.9 and >10% cover). These arbitrary divisions were suggested by

scatter plots of the distribution of values. This classification produced 3x3x3=27

possible groups, of which 8 were represented by two sites or less. Consequently a

simpler system was superimposed on this classification, by subdividing each of the

main categories of emergent vegetation into three groups, based on the collective

abundance of submerged and floating-leaved vegetation to give nine basic types of

vegetation structure (see Table 3.3). These could be defined simply as sparse (I),

moderate (II) or abundant (III) emergent vegetation with sparse (A), moderate (B) or

abundant (C) aquatic vegetation.

These nine groups were coupled with the environmental data set used for the

analysis of species composition and subjected to multiple discriminant analysis using

CANOCO version 3.10 (ter Braak 1987b, 1990a,b). Cluster means were the weighted

average of the site scores, defined by a linear combination of environmental variables

according to the discriminant function.
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2.3.11 Statistical analysis of benthic invertebrate data

The range of densities of animals recorded in cores was small, but included a

large number of zero counts and could not be normalised by transformation. No one

taxon was sufficiently widespread to permit comparisons of specific differences in

density between sidewater and main-channel sites and all analyses therefore concern

only total numbers of invertebrates. Mann-Witney U tests were used to assess the

significance of differences in density of invertebrates at individual pairs of sidewater

and main-channel sites, based on data from replicate samples. Subsequently a

Wilcoxon signed ranks procedure was used to test pairwise differences between mean

values for each site type across the full range of sites sampled.
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L&L14 L&L20 TYPE
S&W8 SoA5	 IIA

Table 3.3. Simple monothetic divisive classification of sidewater vegetation

EMERGENT =1 (<9.99% COVER) [70 SITES]

SUBGROUP 1: SUBMERGED =1 (<1gDWm-2) [44 SITES]

Floating-leaved cover =1 (<0.99% cover) [41 SITES]
DIG I COV5 GUML3 GIJML5 GUML12 K&A2
MACC1 MACC5 M&B2 0X2 0X3 0X5

SUC5 SUC6 SUC8 SUC10 S UCL1 S UCL2
SoA3 SoA6 TM3 TM5 TM6 TMIO
W&B2

Floating-leaved cover = 2 (1.0-9.99%) [1 SITE]
LEEK2

K&A10 LAN7 L&L10 L&LL1 TYPE
OX8 SUC1 SUC2 SUC4	 IA
SUCL5 S&W5 S&W6 SoA2
TM 11 TM 12 TM15 TM17

Floating-leaved cover 3 (>10%) [2 SITES]
K&A4 K&AS

SUBGROUP 2: SUBMERGED =2 (1.0-24.9gDWm-2) [14 STIES]

Floating-leaved cover = 1 [7 SITES]

BF1	 HN4	 L&L12 M&B3 0X6	 SUC14 SUCMO2

Floating-leaved cover =2 [4 SITES]
W1	 GUML15 LAN1 M&B5

Floating-leaved cover = 3 [3 SITES]
LAN8 M&B1 U4

SUBGROUP 3: SUBMERGED =3 (>25gDWm-2) [12 SITES]

Floating-leaved cover = 1 [4 SITES]
Ti	 W&EA2 GUML6 HN3

Floating-leaved cover = 2 [2 SITES]

L&L7 ST1

Floating-leaved cover =3 [6 SITES]
FC3	 FC4	 LAN13 L&L2 L&L15 U3

TYPE
IB

TYPE
IC

YMERGYN'S =I i10-59.990 CONTY,R) fo9 ME%

SUBGROUP 1: SUBMERGED =1 (<1gDWm-2) [34 SITES]

Floating-leaved cover =1 (<0.99% cover) = [26SITES]
AZ1 AZ3 COV1 COV2 ERE1 GUWEL K&A6 L&L13
MACC3 MACC4 MACC7 0X7 such SUC12 S&W2 S&W4

SoA7 5oA)D Soil)) 7137 LEEK
Floating-leaved cover =2 (1.0-9.99%) = [6 SITES]

LAN3 LAN10 L&L21 OX1 TM4 TM18

Floating-leaved cover = 3 (>10%) = [2 SITES]

LAN4 PF1

SUBGROUP 2: SUBMERGED =2 (1.0-24.9gDWm-2) [16 SITES]

Floating leaved cover = 1 = [6 SITES]

BF2 GUL3 GUMH2 LAN6 SUCMO1S&W3
Floating-leaved cover = 2 = [5 SITES]

AZ2 ASH4 G5	 L&L6 L&L17

Floating-leaved cover = 3= [5 SITES]
C&H1 L&L9 MACC6 PF3 U8

SUBGROUP 3: SUBMERGED = 3 (>25gDWm-2) [19 SI7F.,S]
Floating-leaved cover = 1= [3 SITES]

BCSOHI W2	 CHES1

Floating-leaved cover = 2 = [6 SITES]
FCG1 GUML10 LAN12 L&L8 M&B4 poci

Floating-leaved cover = 3 = [10 SITES]
ASH3 BCML2 W&EC1 COV3 GUL2 GUMH1 G1 	 G4	 L8cL5 Ul

TYPE
IlB

TYPE
'IC
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EMERGENT = 3 (>60% COVER) [40 SITES]

SUBGROUP 1: SUBMERGED =1 (<1gDWm-2) [23 SITESI	 TYPE
Floating-leaved cover =1 (<0.99% cover) = [17SITES]	 HIA

BCML1 W&E4 GUML7 GUM K&A3 LAN5 L&L3 MBB2 03(4 SUC7
SUCL4 SoA4 SoA9 TM8 CN2	 CN4 W&B1

Floating-leaved cover = 2 (1.0-9.99%) = [5 SITES]
W3	 MACC8 PF2	 SoAl U6

Floating-leaved cover = 3 (>10%) = [1 SITE]
FC1

SUBGROUP 2: SUBMERGED =2 (1.0-24.9gDWm-2) [15 S17'ES] 	 TYPE
Floating leaved cover = 1 = [6 SITES]	 MB

ASH1 GUML11 GUW1 GULL L&L4 SUCM04
Floating-leaved cover = 2 = [5 SITES]

L&L1 L&L19 PF6	 ST2	 U7

Floating-leaved cover = 3 = [4 SITES]
DUD1 1 COV4 ERE3 U5

SUBGROUP 3: SUBMERGED =3 (>25gDWm-2) [2 SITES]
Floating-leaved cover = 1 = [1 SITE]

FC2

Floating-leaved cover = 2 = [NO SITES]

Floating-leaved cover = 3 = [1 SITE]
FCG3

TYPE
"IC

all



3. RESULTS

3.1 Comparisons of environmental variables in sidewater and

mainline

Table 3.4 provides a summary comparison of the environmental characteristics of

sidewaters and main-channel sites. A summary of the distribution of sites with respect

to the main nominal environmental variables is given in Table 3.5. Sidewaters had, on

average, significantly lower turbidity and total suspended solids concentrations than

paired adjacent sections of main-channel. Sidewaters were also significantly shallower

than mainline sites in terms of both average and maximum depths, but associated with

the increase in channel width produced a large increase in channel cross-sectional area

and a concomitant dilution of traffic density. Sidewaters were also significantly more

shaded than mainline sections (see also Figure 3.3), but did not differ with respect to

any of the other environmental variables measured. The relative degree of difference

provisionally suggests that factors related to depth and the reduction in traffic density

are likely to form the basis for the major differences in vegetation between sidewater

and mainline sites.

3.2 Comparison of vegetation composition and species density

between sidewater and mainline.

Table 3.6 summarises the comparisons made between sidewaters and main-

channels in terms of their vegetation composition. Mean values with standard errors are

also included, but should be treated with caution due to the skewed distribution of the

data, since they suggest misleadingly large average differences between sidewater and

mainline sites with respect to some variables. The ranking-based procedure used to test

for differences should give a more balanced measure of these differences, due to the

reduced importance given to extreme values. The sum of rankings obtained using this

technique are included in Table 3.6 to assist interpretation. There are clear differences in

the abundance of emergent vegetation between sidewaters and main-channel, which

also extend to a significantly greater total standing crop of vegetation in sidewaters,

thus reflecting the overriding dominance of the emergent component. There is also a

weak indication of increased coverage of open water areas in sidewaters by floating-

leaved vegetation but no significant differences relating to the submerged component.

Comparisons of species density are covered in Table 3.7. The left hand half of the

table is based on a comparison including all sidewater sites and covering a large range

of perimeters. Ranked tests of pairwise differences indicate significant positive

differences in the number of fringing species and total species in sidewater compared to

main-channel sites. While the mean perimeter of the sidewaters in this test
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Table 3.5a Summary of distribution of water quality scores

CLASS NO. SITES % OF TOTAL RWQ 1985 %t

lA 11 6.2 1
1B 74 41.3 138
2 78 43.6 51
3 16 8.9 10

t distribution of values for canals based on "River Water Quality
in England & Wales" HMSO (1985)

Table 3.5b Summary xrf distribution of site aspects

ASPECT NO. SITES % OF TOTAL

N 33 18.4
S 18 10.1
E 27 15.1
W 34 19.0
NE 26 14.5
NW 8 4.5
SE 15 8.4
SW 18 10.1

Table 3.5c Summary of distribution of sites by geological type

TYPEt NO. SITES % OF TOTAL

CLAY 60 33.5
SAND 32 17.9
CALC 9 5.0

SAND/CLAY 57 31.8
CALC CLAY 21 11.7

t see text for details

Table 3.5d Summary of distribution of sites by landuse category

TYPEt	 % OF TOTAL
MAINLINE SIDEWATER

URBAN 13.1 15.6
SUBURBAN 19.3 25.1
PASTURE 42.6 34.1
ARABLE 16.5 15.6

SEMI-NAT .8.5 9.5

t see Table 3.2 for details



Figure 3.3. Comparison between sidewaters and mainline
of the distribution of scores for two important ordinal
variables, Bank hardness and Intensity of shading.
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(101.5±8.2m) is significantly less than the standard 150m sections used for the

mainline site assessments, the greater species number in the 20 sidewater sites larger

than 150m might have dominated this result. To compensate for this, the comparison

was repeated without these sites, the results being shown on the right of Table 3.7.

While total species number is not then significantly different, there remains a

significantly larger number of fringing species in sidewaters. Since differences between

the other species groups remain non-significant, despite a significantly smaller length of

bank in the sidewaters retained in the sample (69.4±2.2m), these sidewaters might also

be regarded as being relatively more species dense on average than their comparative

mainline sites.

3.3 Paired comparisons of species abundance and frequency of

occurrence in sidewater and mainline sites.

The results of pairwise comparisons of abundance and frequency of occurrence of

selected species in sidewater and mainline habitats are given in Table 3.8. The

significant differences have been extracted and are summarized in Table 3.9. Seventeen

species were characterised by a higher frequency of occurrence and abundance in

sidewaters, with Typha latifolia showing the most pronounced contrast (Table 3.9).

Another seven species were found at greater abundance in sidewaters but were similarly

widespread in both sidewater and mainline habitats. This category was typified by the

common species Epilobiurn hirsutum, Impatiens capensis and Myosotis scorpioides.

Two species, Lemna trisulca and Stachys palustris, occurred with similar abundances

in sidewaters and the main-channel but were more frequent overall in sidewaters. These

are species which, when present at main channel sites are often abundant, but are

otherwise found more widely associated with sidewaters.

Only six species were significantly more strongly associated with channel

habitats. Potamogeton pectinatus, Sparganium emersum and Alisma lanceolatum all

occurred in main-channel habitats more frequently and in greater abundance than in

sidewaters, while Acorus calamus, though equally widespread in both habitats, was

usually more abundant in the main-channel. Nuphar lutea was of more widespread

general occurrence in the main-channel, although in the sidewaters in which it occurred

was generally relatively abundant, thus giving it a similar overall abundance in both

habitats. Juncus effusus was peculiar in being more widely recorded in sidewaters, yet

being of greater abundance in main-channel sites.
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Table 3.8 Complete listing of species recorded at sidewater and mainline sites ranked in

descending order of mainline site occupancy.

SPECIES SITE OCCUPANCY BIOMASS DISTRIBUTION

MAINLINE
n	 %

SIDE WATER P
n	 %

MAINLINE
biomass % of total

SIDE WATER	 P
biomass % of total

Epilobium hirsutum 99 56.57 112 62.57 ns 1193.42 4.57 2343.90 4.50 ***
Potamogeton pectinatus 89 50.86 55 30.73 *** 394.28 1.51 267.27 0.51 ***
Cladophora glomerata 84 48.00 71 39.66 (us) 605.88 2.32 894.43 1.72 ns
Glyceria maxima 81 46.29 108 60.34 *** 13249.10 50.72 27719.30 53.16 ***
Lycopus europaeus 73 41.71 104 58.10 *** 39.73 0.15 93.58 0.18 ***
Sparganium emersum 54 30.86 30 16.76 *** 383.95 1.47 115.39 0.22 ***
Sparganium erect= 50 28.57 68 37.99 ** 1444.90 5.53 4474.90 8.58 **
Phalaris arundinacea 49 28.00 44 24.58 us 656.10 2.51 501.12 0.96 ns
Solanum dulcamara 49 28.00 64 35.75 (ns) 39.43 0.15 72.98 0.14 *
Myosotis scorpioides 47 26.86 58 32.40 ns 32.60 0.12 76.54 0.15 **
Elodea nuttallii 46 26.29 58 32.40 * 650.05 2.49 1228.06 2.36 ***
Juncus effusus 43 24.57 61 34.08 ** 354.42 1.36 304.44 0.58 *
Sagittaria sagittifolia 41 23.43 33 18.44 ns 903.57 3.46 491.53 0.94 ns
Scutellaria galericulata 41 23.43 40 22.35 ns 18.40 0.07 12.30 0.02 us
Lenuta minor 38 21.71 74 41.34 *** 53.20 0.20 257.31 0.49 ***
Juncus inflexus 37 21.14 34 18.99 ns 246.00 0.94 174.24 0.33 ns
Rumex hydrolapathum 36 20.57 42 23.46 us 85.28 0.33 229.28 0.44 (ns)
Stachys palustris 35 20.00 50 27.93 • 48.65 0.19 48.08 0.09 ns
Mentha aquatica
Potarnogeton natans
Scrophularia auriculata
Filipendula ulmaria

34
34
32
30

19.43
19.43
18.29
17.14

57
32
24
20

31.84 ***
17.88 us
13.41 us
11.17 (us)

30.88
453.78

34.96
20.44

0.12
1.74
0.13
0.08

146.63

83278.3165
50.40

n s

"i**0.6281 "is
1.61

0.10 us
Iris pseudacorus 28 16.00 37 20.67 us 77.95 0.30 176.06 0.34 *
Nuphar lutea 26 14.86 16 8.94 * 512.00 1.96 369.06 0.71 (us)
Potamogeton perfoliatus 26 14.86 21 11.73 us 200.85 0.77 104.67 0.20 ns
Impatiens capensis 25 14.29 37 20.67 (us) 15.08 0.06 53.15 0.10 **
Veronica beccabunga 25 14.29 36 20.11 4. 47.18 0.18 50.89 0.10 *
Apium nodiflorum 24 13.71 32 17.88 ns 49.75 0.19 63.55 0.12 ns
Lem= trisulca 24 13.71 38 21.23 • 94.02 0.36 145.19 0.28 us
Agrostis stolonifera 23 13.14 23 12.85 us 8.90 0.03 22.53 0.04 ns
Galium palustre 23 13.14 37 20.67 * 1.58 0.01 0.01 **
Oenanthe crocata 23 13.14 29 16.20 us 68.1168.11 0.26 269.09 0.52 ns
Angelica sylvestris
Acorus calamus

21
19

12.00
10.86

26
20

14.53 us

11.17 ns

12.60
1106.87

0.05
4.24

39.72
529.55

0.08 *
*

Butomus umbellatus 19 10.86 18 10.06 ns 38 1500..23 69.93
1..01230	 ns

Rorippa nasturtium-aquatic= 19 10.86 42 23.46 ***

60..9252
119.40 0.23 **

Carex acutiformis 18 10.29 17 9.50 ns 54136 2.07 6759..11 26
Polygonum am
Alisma lanceolatum

17
16

9.71
9.14

17
8

9.50 us
4.47 •

9.98
12.70

0.04
0.05 3.89

01..0301 nsns

0.01 **
Cardatnine flexuosa 16 9.14 30 16.76 ** 1.02 <0.01 < 0.01 •
Glyceria fluitans 16 9.14 18 10.06 us 30.0930.09 0.12 51.39

Juncus articulatus 16 9.14 23 12.85 us 5.79 0.02 19.41
0..4107
0.04ns
0	 nsns

Elodea canadensis
Ranunculus sceleratus

15
15

8.57
8.57

17

30
9.50 ns

16.76 •
296.59

$.55
1.14
0.02

424125;04
0.02 *

Berula erects 14 8.00 21 11.73 ns 61.30 0.23 148.60 0.29 ns
Biciens tripartita 14 8.00 21 11.73 ns 2.10 4.20 0.01 ((us)
Callitriche hamulata 14 8.00 15 8.38 us 33.9233.92 0.13 13.72 0.03 us
Ceratophyllum demersum 14 8.00 23 12.85 * 108.23 0.41 316.16 0.61 ***
Equisetum fluviatile 14 8.00 15 8.38 ns 42.96 0.16 35.86 0.07 us
Alisma plantago-aquatica
Carex riparia

13
12

7.43
6.86

21
13

11.73 (us)
7.26 ns

16.4716.47
89.52 0.34

16.65
433.84

0.03 us
0.83 (us)

Potamogeton crispus 12 6.86 14 7.82 us 49.88 0.19 67.76 0.13 us
Myriophyllum spicatum 11 6.29 16 8.94 us 36.48 0.14 28.29 0.05 us
Potamogeton berchtoldii 11 6.29 9 5.03 ns 3.48 0.01 18.99 0.04 us
Typha latifolia
Chars globularis
cow' d. 	

11
10

6.29
5.71

39
9

21.79 ***
5.03 us

317.76
22.72

1.22
0.09

5759.40
48.16

11.05 * **
0.09 ns

RR



Table 3.8 cont'd

SPECIES	 SITE OCCUPANCY	 BIOMASS DISTRIBUTION

MAINLINE
n	 %

SIDE WATER P
n	 %

MAINLINE
biomass % of total

SIDEWATER	 P

biomass % of total

Enteromorpha intestinalis 10 5.71 12 6.70 ns 17.28 0.07 24.98 0.05 ns
Carex otrubae 9 5.14 19 10.61 (ns) 2.25 0.01 10.11 0.02 •
Carex remota 9 5.14 12 6.70 ns 1.25 <0.01 1.48 <0.01 ns
Lemna gibba 9 5.14 18 10.06 " 147.81 0.57 380.11 0.73 •
Lotus pedunculatus 9 5.14 10 5.59 ns 1.07 <0.01 2.33 0.00 ns
Eleocharis palustris 8 4.57 5 2.79 3.58 0.01 6.43 0.01
Potamogeton friesii 8 4.57 7 3.91 12.73 0.05 9.81 0.02
Carex pseudocyperus 7 4.00 8 4.47 13.13 0.05 9.66 0.02
Rorippa amphibia 7 4.00 12 6.70 ns 3.00 0.01 8.80 0.02 ns
Vaucheria dichotoma 7 4.00 4 2.23 92.09 0.35 50.10 0.10
Azolla filiculoides 6 3.43 5 2.79 4.26 0.02 0.69 <0.01
B i de ns cemua 6 3.43 10 5.59 ns 29.58 0.11 8.70 0.02 ns
Callitriche stagnalis 6 3.43 20 11.17 *** 1.63 0.01 23.46 0.04 a*
Fontinal is antipyretica 6 3.43 5 2.79 1.02 <0.01 0.85 <0.01
Potamogeton trichoides 6 3.43 6 3.35 29.41 0.11 1.52 <0.01
Carex paniculata 5 2.86 5 2.79 31.86 0.12 13.46 0.03
Deschampsia cespitosa 5 2.86 6 3.35 3.94 0.02 5.14 0.01
Potamogeton compressus 5 2.8 5 7 3.91 95.96 0.37 4.90 0.01
Ranunculus flammula 5 2.86 4 2.23 1.46 0.01 1.05 <0.01
Alopecurus geniculatus 4 2.29 8 4.47 0.60 <0.01 1.31 <0.01
Cardamine pratensis 4 2.29 1 0.56 0.60 <0.01 0.15 <0.01
Juncus bufonius 4 2.29 10 5.59 ns 0.53 <0.01 1.18 <0.01 ns
Lysimachia vulgaris 4 2.29 2 1.12 1.88 0.01 25.36 0.05
Phragmites australis 4 2.29 8 4.47 223.20 0.85 427.00 0.82
Poa trivialis 4 2.29 4 2.23 0.40 <0.01 0.73 <0.01
Polygonum hydropiper 4 2.29 5 2.79 0.60 <0.01 2.97 0.01
Potamogeton obtusifolius 4 2.29 4 2.23 13.59 0.05 3.73 0.01
Stellaria alsine 4 2.29 13 7.26 • 0.20 <0.01 0.93 <0.01 •
Caltha palustris 3 1.71 5 2.79 1.20 <0.01 5.97 0.01
Carex hirta 3 1.71 6 3.35 1.50 0.01 0.91 <0.01
Carex nigra 3 1.71 I 0.56 0.60 <0.01 3.34 0.01
Epilobium tetragonum 3 1.71 8 4.47 0.75 <0.01 3.85 0.01
Equisetum palustre 3 1.71 5 2.79 0.60 <0.01 5.12 0.01
Eupatorium cannabinum 3 1.71 4 2.23 3.78 0.01 3.83 0.01
Glycerin declinata 3 1.71 1 0.56 1.35 0.01 1.83 <0.01
Juncus subnodulosus 3 1.71 1 0.56 3.35 0.01 0.27 <0.01
Lysimachia thrysiflora 3 1.71 2 1.12 18.60 0.07 8.25 0.02
Lythrum salicaria 3 1.71 3 1.68 31.20 0.12 6.88 0.01
Myosotis caespitosa 3 1.71 8 4.47 0.60 <0.01 3.54 0.01
Potamogeton alpinus 3 1.71 4 2.23 6.32 0.02 3.40 0.01
Potamogeton lucens 3 1.71 4 2.23 62.24 0.24 29.02 0.06
Potamogeton pusillus 3 1.71 3 1.68 0.37 <0.01 2.29 <0.01
Spirogyra sp 3 1.71 3 1.68 28.83 0.11 16.65 0.03
Zannichellia palustris 3 1.71 3 1.68 0.52 <0.01 0.30 <0.01
Achilles ptarmica 2 1.14 7 3.91 0.32 <0.01 1.26 <0.01
Callitriche platycarpa 2 1.14 3 1.68 2.81 0.01 2.48 <0.01
Cardamine amara 2 1.14 7 3.91 0.40 <0.01 5.86 0.01
Eleocharis acicularis 2 1.14 0 0.00 0.70 <0.01 0.00 0.00
Epilobium palustre 2 1.14 12 6.70 ** 0.30 <0.01 4.77 0.01 ••
Hippuris vulgaris 2 1.14 2 1.12 0.45 <0.01 0.50 <0.01
Juncus acutiflorus 2 1.14 5 2.79 0.60 <0.01 2.07 <0.01
Juncus conglomeratus 2 1.14 3 1.68 6.60 0.03 1.80 <0.01
Luronium natans 2 1.14 1 0.56 16.16 0.06 0.20 <0.01
Lysimachia nummularia 2 1.14 0 0.00 0.30 <0.01 0.00 0.00
Ranunculus circinatus 2 1.14 2 1.12 12.57 0.05 3.11 0.01
Ranunculus p. penicillatus 2 1.14 1 0.56 1.26 <0.01 1.27 <0.01
Schoenoplectus lacustris 2 1.14 2 1.12 11.28 0.04 2.32 <0.01
Senecio aquatica 2 1.14 2 1.12 0.40 <0.01 0.40 <0.01



Carex vesicaria 1 0.57 1 0.56 1.98 0.01 2.94 0.01

Cirsium palustre 1 0.57 6 3.35 0.40 0.00 4.08 0.01

Hydrocharis morsus-ranae 1 0.57 1 0.56 36.13 0.14 16.87 0.03

Hydrocotyle vulgaris 1 0.57 0 0.00 0.15 <0.01 0.00 0.00

Hydrodictyon reticulata 1 0.57 5 2.79 10.58 0.04 24.72 0.05

Impatiens glanduli fera 1 0.57 3 1.68 17.30 0.07 35.70 0.07

Juncus compressus 1 0.57 0 0.00 0.15 <0.01 0.00 0.00

Lagarosiphon major 1 0.57 2 1.12 4.55 0.02 26.05 0.05

Lythrum portula 1 0.57 2 1.12 0.10 <0.01 0.10 <0.01

Mimulus guttatus 1 0.57 1 0.56 0.30 <0.01 2.31 <0.01

Myosoton aquaticum 1 0.57 1 0.56 0.17 <0.01 0.15 <0.01

Nitella spp 1 0.57 0 0.00 0.10 <0.01 0.00 0.00

Nymphoides peltata 1 0.57 2 1.12 134.42 0.51 189.69 0.36

Oenanthe fistulosa 1 0.57 1 0.56 0.15 <0.01 0.15 <0.01

Potamogeton x cooperii 1 0.57 1 0.56 0.35 <0.01 0.12 <0.01

Ranunculus fluitans 1 0.57 0 0.00 3.63 0.01 0.00 <0.01

Ranunculus lingua 1 0.57 2 1.12 1.82 0.01 214.17 0.41

Riccia fluitans 1 0.57 1 0.56 4.00 0.02 9.62 0.02

Rorippa palustris 1 0.57 7 3.91 0.15 <0.01 3.35 0.01

Spirodela polyrrhiza 1 0.57 3 1.68 0.04 <0.01 13.40 0.03

Stratiotes abides 1 0.57 0 0.00 0.35 <0.01 0.00 0.00

Typha angustifolia 1 0.57 2 1.12 32.52 0.12 75.84 0.15

Valeriana officinalis 1 0.57 2 1.12 0.30 <0.01 20.01 0.04

Aster x salignus 0 0.00 2 1.12 0.00 0.00 1.00 0.01

Carex acuta 0 0.00 1 0.56 0.00 0.00 26.24 0.05

Carex binervis 0 0.00 1 0.56 0.00 0.00 0.15 <0.01

Carex rostrata 0 0.00 1 0.56 0.00 0.00 1.30 <0.01

Cicuta virosa 0 0.00 1 0.56 0.00 0.00 0.70 <0.01

Dactylorhiza praetermissa 0 0.00 1 0.56 0.00 0.00 0.20 <0.01

Dactylorhiza purpurefla 0 0.00 2 1.12 0.00 0.00 0.44 <0.01

Galeopsis tetrahit 0 0.00 1 0.56 0.00 0.00 0.65 <0.01

Glyceria x pedicellata 0 0.00 1 0.56 0.00 0.00 1.50 <0.01

Juncus bulbosus 0 0.00 1 0.56 0.00 0.00 0.10 <0.01

Lemna minuta 0 0.00 1 0.56 0.00 0.00 0.10 <0.01

Menyanthes trifoliata 0 0.00 1 0.56 0.00 0.00 2.44 <0.01

Myriophylltun alterniflorum 0 0.00 1 0.56 0.00 0.00 7.86 0.02

Nymphaea alba 0 0.00 3 1.68 0.00 0.00 7.85 0.02

Oenanthe aquatica 0 0.00 1 0.56 0.00 0.00 0.84 <0.01

Poa humilis 0 0.00 I 0.56 0.00 0.00 0.10 <0.01

Polytrichum commune 0 0.00 0 0.00 0.00 0.00 0.00 0.00

Potamogeton sp. 0 0.00 1 0.56 0.00 0.00 0.38 <0.01

Potamogeton x bennettii 0 0.00 1 0.56 0.00 0.00 0.13 <0.01

Ranunculus hederaceus 0 0.00 3 1.68 0.00 0.00 0.15 <0.01

Rumex crispus 0 0.00 1 0.56 0.00 0.00 0.30 <0.01

Sphagnum recurvum 0 0.00 1 0.56 0.00 0.00 1.48 <0.01

Triglochin palustris 0 0.00 3 1.68 0.00 0.00 3.60 <0.01

Veronica anagallis-aquatica 0 0.00 1 0.56 0.00 0.00 0.29 <0.01

Viola palustris 0 0.00 1 0.56 0.00 0.00 0.10 <0.01

Site occupancy = number (or %) of sites at which species present out of total visited. Main-channel n =175; sidewater n = 179.

Biomass distribution = actual or estimated total dry weight biomass recorded over all sites.

Statistical significance of pairwise differences for species with a minimum of 10 records per site type was measured by a sign test

(frequency of occurrence) and Wilcoxon signed ranks test (abundance by biomass).
ns = difference not significant at 0.05; (ns) = 0.10>P>0.05; * = P<0.05; ** = P<0.01; *** = P<0.001



Table 3.9 Summary of major floristic differences between sidewater
and main-channel sites based on ranking tests of pairwise differences

SIDEWATER SPECIES

Species with a higher frequency of occurrence and greater abundance in sidewaters

Typha latifolia
Mentha aquatica
Callitriche stagnalis

Sparganium erectum

Ranunculus sceleratus
Galium palustre

Lemna minor
Lycopus europaeus
Epilobium palustre

Elodea nuttallii
Lemna gibba
Stellaria alsine

Glyceria maxima
Rorippa nasturtium-aquaticum
Ceratophyllum demersum

Cardamineflexuosa
Veronica beccabunga

Species with a similar frequency of occurrence in sidewater and main-channel
but a greater abundance in sidewaters

Epilobium hirsutum
	

Impatiens capensis	 Myosotis scorpioides
Solanum dulcamara
	

Carex otrubae	 Iris xeudacoru.s.
Angelica sylvestris

Species with a similar abundance in sidewater and main-channel but a higher

frequency of occurrence in sidewaters

Lemna trisulca	 Stachys palustris

MAIN-CHANNEL SPECIES

Species with a higher frequency of occurrence and greater abundance in main-channel

Potamogeton pectinatus Sparganium emersum

Alisma lanceolatum

Species with a similar frequency of occurrence in sidewater and main-channel but a
greater abundance in main-channel

Acorus calamus

Species with a similar abundance in sidewater and main-channel but a greater

frequency of occurrence in main-channel

Nuphar lutea

Species are listed in descending order (left to right, top to bottom) of the strength of their
difference between sidewater and main-channel sites.
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3.4 Relationships between environmental variables

Relationships between environmental variables measured at sidewater and

mainline sites are displayed as PCA covariance biplots (see ter Braak, 1987a). The

lengths and positions of the arrows depicting the environmental variables are

proportional to the strength of the correlation of the variables with each axis. Each

arrow may be thought of as representing the direction of greatest change of a plane

fitted by multiple regression, with the length of the arrow being proportional to the rate

of change in that direction.

3.4.1. Mainline sites (Figure 3.4)

Axis 1 explains 15.4% of the variance compared to 10.6% on Axis 2. Variables

most strongly correlated to Axis 1 include a traffic density and a group of associated

variables, TSS, NTU and BOAT. CLAY and TEMP were also associated with high

traffic density, reflecting the greater frequency of high traffic sites in low-lying

(predominantly clay-based) central and southern England, which also fall within the

higher temperature class. Axis 2 corresponds to a gradient of water depth and bank

hardness. At the positive end of Axis 2 are variables associated with high average and

maximum depths including a hard, vertical-sided channel profile most commonly found

in urban areas. Sites at the base of Axis 2 are characterised by shallow, soft-banked

canals typical of a trapezoidal channel profile, often found in rural areas, with high

livestock activity and consequently high emergent plant species richness. Other

vegetation variables are located at the negative extreme of Axis 1, reflecting the strong

negative correlations between components of the channel flora and traffic density. Total

standing crop, emergent plant cover and total species number are negatively correlated

with Axis 2, thus reflecting their greater scores in shallow-water, soft-banked sites.

3.4.2. Sidewaters (Figure 3.5)

The covariance biplot for sidewater environmental variables follows a similar

pattern to that for mainline sites. Axis 1, which explains 13.3% of the variance

corresponds to a gradient of traffic-associated disturbance and stress, with high

submerged standing crop, floating-plant cover and aquatic plant species richness

located at the opposite extreme of this axis. AREA, LONG and PERIM are also

associated with this group of vegetation variables, reflecting the general coincidence in

this study of large sidewaters (eg. FCG 1) and long arms and basins with low traffic

sites. Axis 2, which explains 10.4% of the variance, is again essentially a gradient from

deep sites with hard, steep sides, to shallow, soft-banked sites.

12



2.5

•

•

ROY

.	
.•

.

•
.

SUED4 •

•

•

•	 .

•.
..

•	 .

' END
\

•• •'	 CI

.

•

N

•
•

URI3

•

.	 .

ZAVE	 •
X.SEC.

BHK/ HARD

.•

GOND	 GuAL	 •
sooN----

•mow-	 _

.

.

•
.

•

.

CROP

. 5P NO

•

•	 •

ECOV 

• ............................,..--------

. •

eiJIC 3

MAS P

•

c1rr
"

•	 II

.®

•
.	 •

•

PAST
.

•

.

BNIC-

. •.

.

DOAT	 .
FA	 .	 • •

. CCLAY

TSS.

.	 ••	 Nil; my

•
.

0

-2.5
-2.5 2.50

Figure 3.4. PCA covariance biplot for main channel environmental
data illustrating correlations between variables

Arrows indicate direction of greatest change in environmental variable.
Axis 1 and 2 explain 15.4% and 10.6% of the variance respectively (see
text for details). Some variables lying close to the origin are omitted for
clarity. Sites are shown by dots.

73



2.5

.
.

.

•

.

•

.

.•

•

.

.

.	 .

2.AVE •

•	 HARD	 BNK 1

.

•
.	 Re

. •	
MG MT	 •	 BRY

80A1

•	 CiLV AL

URB

•

•)(SEC

•

•	 •

.

.../." 51.181.1

FC-OV•

LON 6
•	 .....--
	

Ac 	 P
PERIM

.---, AREA

.
.

•

•N

•	 • COND.

TE P

ARAB

•
•	 •	 •

'

..

•

•.

•

•

•MY

.

.

,..
W	

. .
	 .

•	 N	 .

' OD	 •	 S.P NO

CROP •

.
MASP

.
BNK,S •

.

•

0

-2.5
-2.5 250

Figure 3.5. PCA covariance biplot for sidewater environmental
data illustrating correlations between variables

Axis 1 and 2 explain 13.3% and 10.4% of the variance respectively (see
text). Some variables lying close to the origin are omitted for clarity.
Sites are shown by dots.

7 4



3.5 Relationships between vegetation, species richness and

environmental variables

3.5.1 Mainline

The results of stepwise regression analysis are summarised in Table 3.10. MY

and HARD are the best predictors of total and helophyte plant biomass respectively

which is strongly negatively correlated to both the traffic density (Figure 3.6) and to the

proportion of hard bank. Submerged vegetation is similarly strongly negatively

correlated with MY (Figure 3.6), but as is also the case with floating-leaved vegetation,

NFU is the main predictor. Water quality emerged as the best explanatory variable of

the residual variation for floating-leaved vegetation (Table 3.10). The function for

emergent plant cover features most of the variables already identified in the biomass

regression but HARD is exchanged for MY as the primary explanatory variable (R2adj =

0.2; F = 45.43; P =<0.0001). Natant plant cover is strongly negatively correlated to

MY (R2adi = 0.21; F = 49.33; P =<0.0001) with MGMT being of secondary

importance. The low relative importance of NTU in the function for floating-leaved

plant cover when compared to biomass probably reflects the dominance of cover values

by lemnids which are vulnerable to boat wash disturbance but largely independent of

the submerged light regime, while the biomass values are dominated by the larger more

robust rooted species such as Sparganium emersum, Nuphar lutea and Potamogeton

natans which can better tolerate boat traffic itself, but are more sensitive to light regime

due to their having submerged, as well as floating-leaved foliage.

Total species richness is strongly negatively affected by MY (Figure 3.7) and

HARD (see 4.3.4). TROD is associated with increased species richness, evidently by

virtue of its positive correlation with emergent plant species richness which contributes

substantially to the total species number. The apparently contradictory positive

influence of ZNIAX but negative influence of ZAVE suggests that total species richness

in the channel is greatest at sites with a wide range of depths which provide extensive

shallow and some much deeper areas. In addition to HARD and TROD emergent plant

species richness is negatively correlated with MY (Figure 3.7). Hydrophyte species

richness is described by a more complex function in which NTU is the most efficient

predictor. Other negative influences include BOAT, QUAL and MGMT while species

richness is positively related to COND and ZNIAX.

75



120

3.5 	
50	 -
:8 3 -
,i)	 -
ba	 -
0 2.5=

_
2 =

1.5 H
_
-

1 =
_
-

0.5 =

SUBMERGED PLANT BIOMASS

y - -0.033x + 3.165
R2 = 0.337***

- - --y = - 0.027x + 2.939
R2 = 0.266***

FLOATING-LEAVED PLANT
BIOMASS
	 y - -0.019x + 2.146

R2 = 0.147***
	 y - -0.018x + 2.159

R2 = 0.124***

3.5 	

3 =

2.5 -:

2 7

1.5 -:

1=

0.5 -='_

I	 -1 I 	 111	 1	 1	 1

20	 41.0	 60
I	 1	 1	 F ' 1	11	 I
80 100 120	 0

1	 1	 1	 1	 1	 1	 1	 1	 1111

20 40 60
I

80 100 1120
10 	

0

Figure 3.6. Relationship between biomass of vegetation in sidewaters and main
channel and increasing traffic density.

7 7

6 -

5 =

TOTAL STANDING CROP 6 =

5 —-

EMERGENT PLANT BIOMASS

-
4 = 4 -

_
3= 3 =

•

2- - -0 032x + 5.692
•	 . 2-: -	 + 5.23y

R2 = 0.168***
- - - -- y = -0.029x + 6.187

R2 = 0.248***

y	 -0.019x
R2 = 0.054***
y - -0.028x + 4.986
R2= 0.141***

1= 	
--,--,
+

5

1H

01	 1	 1	 1	 I	 1	 1	 1	 1	 1	 1	 1	 I	 1	 1

0	 20	 40	 60	 80
I	 1	 1	 1	 1	 1

100	 120
1	 1	 1	 1	 1	 1	 1	 1	 1	 —IIIIIi

0	 20	 40	 60	 80	 100 '

tao square root traffic density (my)

— SIDEWATER . - - - - MAINLINE

Significance of regressions tested by F-test. ***P<0.001; **13<0.01
Results of comparisons of slope and elevation of regressions are given in Table 3.13.



y = -0.0015x + 2.102: R2 = 0.262**
y = -0.011x + 1.975: R2 = 0.174***

111(111
20 40 60 80 100 120

umber of emergent species

y = -0.005x + 2.277: R2 =0.019*
y = -0.005x + 2.05: R2 = 0.016*

0	 III-II	 -11111-11-1IIIIIIIII

0	 20 40 60 80 100 120

root traffic density (my)

1.5

0.5

y -0.009x + 2.893: R2 = 0.096***

y = -0.009x + 2.782: R2 = 0.113***

Figure 3.7. Relationship between species richness in sidewaters
and main channel and increasing traffic density

3

2.5 ja

2 -

1.5

0 .5 -_

SIDEWATER 	  MAINLINE

0	 20 40 60 80 100 120

2.5

77



* * * * * *
* * * * * *
* * * * * *

* * *
* * *
* * *

* * *
* * *
* * *

cn oo t--; 0)

v:3 6v.) d 4 nr,
en	 ^-1

•	

od

CN C	 VD V:,
00 tr)	 in CD -zr
-zr cs)	 'at	 rel
6 6 6	 6 6 c:)

•

0

0

0
c,̀

§
o ---

0
0

g
4.40
O .
O cd
n-•

C C)

S0
kr)
en
csi
ci

2

9
ci

1.3,

2
a.	 >

C)

2 0
ct)

E
a.)	 ,

oc6	
-o
,..to A

E

9
tr,
cn
c;

Cl

-)?

a.

.§	 E
b

Cl
c4 -0 4 b

cc).

P.4
 a..
0
.-1

cnI
csi
"cr

C•i c5 00

ON C•1 ON l"-- C•1

C4
VD	 n.0	 fr--
In	 V')	 (4')

ON
Cr)

%C.,

c5 6 6 6 6 6
crl

E-1

0

c.)

E-1



ta.4 * * *
* * *
* * *

co

•

 s.0
rsi •-•-n

cn N

cn kr) ON
tr)

14n VI 'or
6 ci 6

* * * * * * * *
* * * * * * *
* * * * * * * *

*
*
*

CA 01 in 0 V') rr)
r". N co cn00 CC

Cf.;	 t-:	 crn 	 4	 crn 	 ee;
vD en (4) en	 Csi C(-4

cM kr)	 N 00 cn	 .1- oo
e.ro	 eel	 ‘.0	 o0	 r-	 csi	 tincsi	 kr)	 <I-	 V-)	 1-4	 vnI

co
6 6 6 6 6 o	 6 6 6

z 8c‘i .
wl '11

9J
r 9
a 17',-,

Q	
zP 2	 v-) Q

(3‘	 =	 kr)

s-1	 —n

Cl)	 "1 =
o,

0U -.„;
9cn	 en

N C?
N.	 q	 -1 •-2,

9 ,--;+	 9	 P °?
r	 , < r+ wu	 0Z	 CC al	 p	 < co

O ul X	 0 00

X ul

	

-—	 u
‘t	

co 00
E=1	

cn

C.)	 en O.	 Q	 00	 ,„ 9i r-kn
oo
a
+ .--.

-1:-.
r--
v.

=

	

cn	 9
9
r	

cs? -.T- Fi:
9
3

6 9
ri.f Q	 ci	

p	
Es) 0 =-1:”

Z	 > = ,-_-4- 9	 2	 0 0 a
n21	 < cn ,-. u	 a, [-.cn

CA	 N `4) Z4 C-4:'	 0 ce
. ev co e-

vi	 N Ci	 .r.

43i q	
enso 0 -.c°cr? 9 r-- u

9 ).-- V-4. cn	 47- a	
(-4 + ci

—
+

4- — ro r ,-.. d en

g	
(9 9 0 0	 z z4	 & z 9w ›.	

+

2	 --C- 0 g	 02	 z 02 R
• oo	 ns

	

c.)	 .-. c°	 0N
...1 2 x(/)	 csi 0'1 cn v.1 co cn	 .--. 9(-I	 cn '0	 .-.

5-	 v. ,-;-- •-n
9 9 9 (1) cn ci
3 .7.- 9 X ci o	 9; 6	 t--

c1 
7 sO'

	

..-1-- . V-1 + +	 '47- +	 o r ciiici0.o	 cn
W >	 ci R P	 r.) P	

4- a r

c.)	 02 N	 i-. 0 0	
CCii	

cn[... ,-1 DJ

E-I	 Z 4	 4 4	 ill .<	 a Z0 E.')
en co 2 co 

02 00	 cn
so t-- N [.. 0 "41.	 ct,

m	
VI el	

en a; x
..-4	 ow N

	
0
.-. el COn

•

 00 ,	 m	
616

	

9 in 5 rn 'el	 o
--,	

9' 9	 d ci3 g	 93 ° c°cr!+ r ....,+ o	1 ..-- r	 2 + +
<	

+	 +
O z cn

	

R	 P

z z Z Z =02 I:0 E-n N
vo In v.
(-4 n co r-- g e'l

A cn 0°'
dr cn

k0
—

4 §

	

vl v..? -1-. cl v-I	 9
9 c'il 9 4......	 9 6	 93 99;..._.	 000(1'.-.. ...-.
+ + + — + +	 + + +	 .1. + ++ cn aI-- v:k

	

ON t•

▪

 -• ON en so	 Fl 'nen g i co en

	

i 't. (N! .-"' ci C'D	 kr) --.	 ,R —

	

1/40 1/40 (-4 ei c,, c•i	 ci c; ci	 (-4 .-, csi
	II 	 II	 If	 II	 II	 II	 II	 II	 II	 II	 II	 II

rv

(:)	
>4

_41	 •ti
L.)	 CI)

W L.1.4 Al
Q g	 E--1	 E-4	 Z

)4	 rA	 k..)

	

E_, E-4 	E-4	
Z

0 Z <
V) < Z IA

	

_, z E-1 _...,	 cA	 arip

0	 ..4.‘Z	
,W, ,_i a., 0

-'e	 1-4 0

	

01:1 E-4 	 ce)5'' Q	 Q	

© 0•--;

4( Q Utl 61.< i iC)	 Z	 CI) F4

e

79

R P

x



3.5.2 Sidewaters

The results of stepwise regression are summarised in Table 3.11. Estimated total

standing crop was negatively correlated to the intensity of boat use of the sidewater,

mainline traffic density and ZAVE and was generally lower in steep-sided sites,

reflecting the top position of BNK1 in the regression function for emergent plant

biomass. Submerged crop was strongly negatively correlated with TSS (R2adj = 0.40;

F = 59.829; P = <0.0001) and was negatively associated with mainline traffic density

but was positively correlated with ZMAX and BNK1. After adjustment to open water

areas, MY and TSS were the most important predictors of submerged plant biomass.

Floating-leaved plant biomass was negatively correlated with NTU and BOAT, but

positively related to the intensity of cattle trampling, reflecting the abundance of

Glyceria fluitans in shallow water marginal areas adjacent to cattle poached banks.

The cover of helophytic vegetation was very strongly influenced by the average

depth of water in a sidewater (R2adj = 0.452; F = 147.74; P = <0.0001). The nature of

this relationship is discussed further in 4.3.2. In terms of cover, the primary

explanatory variable for floating-leaved vegetation remained NTU, perhaps reflecting

the lesser influence of traffic disturbance in sidewaters compared to the main channel.

Total species density was negatively correlated with HARD, TSS and BOAT but

increased with LONG (remoteness) and the intensity of livestock activity. These

variables, with the exception of TSS were the main predictors of the species richness of

helophyte vegetation. Aquatic plant species richness was explained primarily by MY

(Figure 3.7) (R2adj = 0.262; F = 64.04; P = <0.0001) and was also negatively

associated with a range of other variables including HARD, TSS, QUAL, SHAD and

BOAT, but increased with cross-sectional area, analagous to a species-area effect.

3.5.3 Environmental basis for differences in vegetation between sidewater and

mainline site 

Stepwise regressions of paired differences between sidewaters and mainline

vegetation against paired differences in environmental variables (Table 3.12) emphasise

the importance of bank profile and water depths as explanatory variables. HARD (ie.

SWHARD-MLHARD) was selected as the best independent variable in a stepwise

regression of total standing crop differences (SW-ML), explaining 19% of the variance

(n=176; F= 43.74; P=<0.0001). ZAVE explained a further 11% of the variance with

PERIM and BOAT explaining small amounts of the residual variation. The regression

for helophyte biomass differences is similar to that found for total standing crop with

HARD again featuring as the key environmental variable (R2adj4.24; F=56.44; P=

80
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<0.0001). In terms of emergent plant cover ZAVE alone explained 42% of the variance

(F=130.49; P= <0.0001). There is a clear indication that total and emergent plant

biomass or cover in sidewaters relative to the main-channel is greatest in soft banked,

shallow sites with a long perimeter and minimal use by boats.

In comparison to the regressions for helophytes, the measured variables were

poor predictors of the differences in hydrophytic vegetation between sidewater and

main-channel. Shading was shown earlier to differ significantly between sidewater and

manline (see 3.1) and this proved to be the only independent variable which could

contribute significantly to the explanation of differences in submerged plant biomass

between sidewater and mainline (R2adj=0.02; F=5.427; P=<0.05). When submerged

standing crops adjusted to colonisable open water were used as the variable, PERIM

explained a further 2% of the variance. Predictions of differences in floating-leaved

plant biomass and cover were similarly poor; the most fully explained regression was

using floating-leaved plant cover in which CUT, COND and BNIC each accounted for

c.3% of the variance.

The stepwise function for helophyte species richness explained 48% of the

variance. HARD was selected as the best explanatory variable and explained 30% of the

variance (F=78.78; P<0.0001) with most of the residual variance accounted for being

due to differences in ZAVE and PERIM. The presence of PERIM in this regression and

that for total species number confirms the influence of the small group of sidewaters

with very long perimeters relative to the standard mainline sites (see 3.2). However,

the more generally soft banks and shallow water environment of sidewaters again

appears to underly their greater species richness when compared with the main channel.

AREA explained 37% of the difference in aquatic plant species richness between

sidewater and mainline (F=27.86; P=<0.0001). Most sidewaters are small (<0.05ha)

compared to the main-channel sites (0.15-0.25ha) but the small number of large

macrophyte-rich sidewaters, such as FCG1 (1.7ha; 15 submerged and floating-leaved

species), may have an overriding influence on the regression. Despite this, when

sidewaters are considered independently of the mainline sites AREA is not included in

the stepwise function (Table 3.11). Differences in intensity of boat manoeuvering and

shading accounted for most of the residual variation in aquatic plant species richness

which could be explained by the regression.

Perhaps the most surprising finding from multiple regressions of pairwise

differences in vegetation was the consistent lack of importance of differences in MHY

in contributing to the explanation of these vegetational differences. This implies that the

dilution in traffic density in sidewaters, due to their large cross-sectional area relative to
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the mainline cannot explain the observed, sometimes large, differences in vegetation

structure between sidewaters and the adjacent mainline. Traffic is, however, clearly a

major influence on vegetation structure since MY or closely correlated variables such as

TSS or NTU are highly placed in almost all of the stepwise regression functions when

sidewater and mainline sites are considered independently (Tables 3.10 and 3.11). Its

effects may be simply too pervasive to isolate and it would thus seem that sidewaters

can be regarded in many respects as a shallow extension of the main channel.

3.5.4 Comparative response of mainline and sidewater sites to traffic

Since the response of vegetation in sidewaters to different mainline traffic

densities is of fundamental interest, simple linear regressions between vegetation

biomass or species richness and MY have been plotted to allow comparison between

changes in vegetation variables in sidewater and mainline sites with increasing traffic

(Figures 3.6 and 3.7). The results of t-tests used to assess the significance of

differences between the slope and elevation of the regression lines are presented in

Table 3.13. These reaffirm the results of pairwise comparisons between sidewater and

mainline (Table 3.6); clear differences in regression intercepts are apparent between

sidewater and mainline sites in terms of total standing crop, emergent plant biomass or

cover and numbers of helophyte species, but the lack of significant differences between

the slope of the regressions indicates that the separation of sidewaters and mainline sites

with respect to these variables is independent of traffic density. Returning to the models

sugested in Figure 3.1 it would thus appear that type B best summarises the

relationships between vegetation in sidewater, mainline and traffic density (ie. a parallel

decline in abundance of vegetation with increasing traffic density). The regressions for

hydrophyte vegetation tentatively suggest a more rapid decline in plant biomass and

species richness in sidewater than in the mainline with increasing traffic density, but in

no case do the differences in gradient approach significance. The aquatic vegetation of

sidewater and mainline sites thus appears to respond similarly to increasing traffic

density. The difference in elevation of the regressions for adjusted floating-leaved

vegetation is consistent with the results of pairwise comparisons (Table 3.6) which

suggest an increased coverage of open water areas in sidewaters.

3.6 Environmental determinants of species composition

3.6.1 General features of the ordinations 

DCA offers a best-fit approach to the analysis of the species data and a check on

the suitability of planned use of CCA. In DCA the ordination axes lengths are

expressed in units of standard deviation (s.d.). Since a Gausssian response curve has

an amplitude of about 4 s.d., sites which are separated by this interval should have no

species in common. The axes lengths in DCA may thus be used as a measure of the
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non-linearity inherent in the data. Axes lengths in the range 2-4 s.d. may be regarded as

representing weak non-linearity, while those exceeding 4 s.d. imply strong non-

linearity (ter Braak, 1987a). The results of DCA of the species data in this study

(Tables 3.14 and 3.15) show that lengths of the first two ordination axes for all data

sets were generally about 4 s.d. (range 3.65 - 4.59 s.d.). While CCA is relatively

robust to deviations from the assumptions of an underlying unimodal response (ter

Braak, 1987a), this level of non-linearity clearly justifies the use of weighted

averaging-based techniques, while precluding the use of PCA or RDA in which a linear

response model is implicit.

The first two axes of DCA explained 13-19% of the variance in the species data

and typically about 40% of the variance in the weighted averages, while these values

fell to 9-14% and 30% respectively in CCA (Tables 3.14 and 3.15). Although these

values appear rather small, this is a common feature of large complex data sets, due to

the noisiness of species data. It need not prevent the ordination from providing a

useful, environmentally-based summary of the data (Gauch, 1982). A variety of trials

were also conducted (data not presented) using the same abundance data recoded to

presence-absence records, but these showed that while the total inertia in the species

data was reduced, there was an accompanying disproportionate reduction in the ability

of the environmental variables to explain the variance in the species data. Recoding of

the raw biomass data to relative abundance scores on a ratio scale (eg. Braun-Blanquet,

DOM1N etc) was rejected since, by virtue of log transformation, the range of species

scores had already been scaled down to nine without an appreciable effect on the

variance which could be explained by the measured environmental variables in an

untransformed species data set. A square root transformation, intended to down-weight

the importance of the most abundant species was similarly ineffectual.

The species-environment correlation measures the strength of the association

between the species data and the environmental data for each axis and is formally

defined as the correlation between site scores that are weighted averages of the species

scores and site scores that are a linear combination of environmental variables where the

weightings are equivalent to the canonical coefficients (ter Braak, 1987a). The

environmental variables correlate well with the theoretical variable axes constructed by

DCA (R4.66-0.89). Substitution of DCA for CCA, in which the axes are constrained

to be linear combinations of environmental variables, improves this fit (R4.84-0.91),

especially with regard to species-environment correlations on the second axis (see

Tables 3.14 and 3.15), but at the expense of a reduction in the eigenvalues (ie. the

degree of separation of the species scores). The advantage of CCA over DCA, as seen

here, is rather less convincing than has been observed in previous applications of these
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techniques (eg. ter Braak, 1986), but the constrained ordination retains the major

advantage of an implicit environmental basis and the CCA biplot offers an intuitively

simple interpretation of the relationship between species and environmental variables.

As is inevitably the case with a constrained ordination, the use of CCA in

preference to DCA results in a reduction in the power of the ordination to explain

variance in the species data. Here CCA explained 68-78% of the total variance in

weighted averages explicable by DCA. The two techniques would give identical results

only in the highly unlikely event that the linear combination of environmental variables

which define each CCA axis are exactly equivalent to the theoretical variable

corresponding to the DCA axes. The inability of CCA to explain more of the variance

raises several possibilities;

(i) the species response is highly non-linear,

(ii) an excessive number of variables has been incorporated in the model,

including variables highly intercorrelated or irrelevant to the species,

(iii) significant environmental variables remain unaccounted, or some existing

variables have been measured on an inappropriate scale.

However, in relation to (i), CCA has been shown to be relatively robust to

deviations from the unimodal model (ter Braak, 1987a) and possibility (ii) is highly

unlikely, given the precautions taken to test and evaluate variables before including

them in the analysis. Furthermore, correlation matrices indicated that very few variables

were strongly intercorrelated. On (iii), variables which could be important but have

been omitted include nutrient and major ion concentrations or specific substrate

characteristics such as water, sand or organic content. Collection of such detailed

measurements could not have been accomplished within the time scale of the survey

without severely compromising site replication and was therefore considered to be

incompatible with the overall objectives of the survey. Other variables which may be

pertinent in view of the geographical scale of the survey include climate-based factors

(eg. hours of sunshine), proximity to other water bodies, extent of riverine influence,

and the composition of the regional species pool and the vagility of its individual

members. Information on these is not readily available at the scale required. Key

variables such as boat use, livestock activity and management may have been demoted

by using an inappropriate (ie. ordinal) scale for their measurement. Information on this

group of variables is however, difficult to obtain and the scale used, though somewhat

subjective, represented the best practicable option. Finally, there will remain an element

of chance in the sequence of macrophyte colonisation and establishment (Godwin,

1923; Tailing, 1951) for which no environmental basis can be defined.
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Tables 3.14 a and b. Summary of results of the ordination of
species data from mainline sites using detrended correspondence
analysis (DCA) and canonical correspondence analysis (CCA)

A. ALL PRINCIPAL SPECIES (N=50)

DCA AXES CCA AXES

AXES 1 2 3 4 1 2 3 4

Eigenvalues 0.483 0.339 0.250 0.232 0.329 0.236 0.212 0.170
Axis Length (DCA) 4.173 3.919 3.755 3.276
Species-environment

correlation (R) 0.807 0.723 0.740 0.754 0.885 0.835 0.812 0.773
Cumulative % variance:

of species data
of Species-envt.
correlation

7.7

22.5

13.1

38.2

17.1

49.9

20.7

60.7

5.2

15.3

9.0

26.3

12.4

36.2

15.1

44.1

B. PRINCIPAL AQUATIC SPECIES ONLY (N=29)

DCA AXES CCA AXES

AXES 1 2 3 4 1 2 3 4

Eigenvalues 0.638 0.460 0.346 0.235 0.511 0.335 0.242 0.232
Axis Length (DCA) 4.527 4.585 4.672 3.227
Species-environment

correlation (R) 0.873 0.658 0.802 0.621 0.908 0.858 0.779 0.793
Cumulative % variance:

of species data
of Species-envt.
correlation

10.3

23.0

17.8

39.6

23.4

52.1

27.2

60.6

8.3

18.4

13.7

30.5

17.6

39.3

21.4

47.7
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Tables 3.15 a and b. Summary of results of the ordination of
species data from sidewater sites using detrended correspondence
analysis (DCA) and canonical correspondence analysis (CCA)

A. ALL PRINCIPAL SPECIES (N=40)

DCA AXES CCA AXES

AXES 1 2 3 4 1 2 3 4

Eigenvalues 0.404 0.281 0.238 0.209 0.305 0.154 0.135 0.128
Axis Length (DCA) 3.932 3.654 3.615 4.074
Species-environment

correlation (R) 0.824 0.748 0.622 0.734 0.885 0.835 0.812 0.773
Cumulative % variance:

of species data
of Species-envt.
correlation

8.9

25.2

15.1

42.7

20.3

57.5

24.9

70.6

5.2

19.0

9.0

28.6

12.4

37.0

15.1

45.0

B. PRINCIPAL AQUATIC SPECIES ONLY (N=25)

DCA AXES CCA AXES

AXES 1 2 3 4 1 2 3 4

Eigenvalues 0.559 0.451 0.352 0.225 0.453 0.304 0.249 0.231
Axis Length (DCA) 4.060 4.103 4.628 2.964
Species-environment

correlation (R) 0.889 0.770 0.742 0.779 0.909 0.842 0.765 0.823
Cumulative % variance:

of species data
of Species-envt.
correlation

10.5

21.9

19.0

39.5

25.6

53.3

29,8

62.1

8.5

17.7

14.2

29.6

18.9

39.3

23.2

48.4
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Results are presented in the form of biplots (Figures 3.8 and 3.9). Species scores

are based on the weighted average of the site scores, as defined by a linear combination

of environmental variables. The interpretation of the arrows representing environmental

variables is the same as for the covariance biplots. The biplot effectively displays the

weighted average of the species scores with respect to the environmental variables since

the position of a species in the biplot represents the centroid of the distribution of all the

sites in which it occurs and is therefore equivalent to the weighted average of the

projection points of those samples on the axis (ter Braak, 1990b). This may be

envisaged by dropping lines from the projection point of each species perpendicular to

the line of the environmental variable of interest (Figure 3.10). This also provides an

ordering of the species in terms of their weighted average with respect to a given

variable.

Results are discussed for each data set in turn, with reference to intra-set

correlations. These are defined as the correlations between the environmental variables

and the ordination axes and appear in Tables 3.16 and 3.17. These values are shown in

conjunction with the canonical coefficients, but interpretation of these is more difficult

owing to the tendency for variables to covary, which may lead to instability in the

coefficients. Intra-set correlations do not experience this problem (ter Braalc, 1986).

3.6.2 Mainline

3.6.2.1 All principal species

The CCA axes in the biplot (Figure 3.8a) explain 26% of the variance in the

species weighted averages (see Table 3.14a). Axes 1 corresponds to a stress and

disturbance gradient, as shown by the high negative intraset-correlations with this axis

of MY, TSS and NTU (Table 3.16a). Axis 2 corresponds most closely to a depth/ bank

profile gradient, running from hard, steep-sided, deep sites at the top to shallower soft-

banked sites with a trapezoidal channel at the foot of the axis.

The predominance of aquatic species, especially the lemnids, far to the right end

of Axis 1 is readily apparent (see also Figure 3.10), with Potamogeton pectinatus the

only aquatic species with a weighted average towards the upper end of the traffic

gradient. Also to the left end of Axis 1 are a number of robust herbaceous species such

as Rumex hydrolapathum, Oenanthe crocata and Lythrum salicaria. A number of small

perennial or annual marsh plants also increase in relative abundance along this axis

which is paralleled by a gradient of increasing livestock activity; such species include

Veronica beccabunga, Apium nodiflorum and Bidens cernua. At the top of Axis 2 are
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several species traditionally found in greatest relative abundance in deep vertically sided

sites, including Sagittaria sagittifolia, Potamogeton lucens and P. petfoliatus. Species

which are generally most abundant in soft-banked situations with shelving banks

include several of the common stand-forming monocots such as Carex riparia, C.

acutifonnis and Sparganium erectum, as well as herbaceous species such as Juncus

inflexus and Berula erecta, which often occupy the marginal areas on the landward side

of the reed fringe.

3.6.2.2 Principal aquatic species only

CCA axes account for 31% of the variance in the species weighted averages

(Table 3.14b; Figure 3.8b). Axis 1 is again a gradient of increasing disturbance most

strongly related to boat traffic. It is difficult to define a general pattern to Axis 2,

although there is a weak tendency for a shift from regions with high-standing ground

(>300m) and a sand-clay geology at the foot of the axis to areas of predominantly low-

lying relief and a clay-based geology near the top of the axis (Table 3.16b).

Potamogeton pectinatus again emerges as the species which occurs at greatest

relative abundance at high traffic densities (right-hand end of Axis 1), together with a

number of turbidity tolerant species such as Potamogeton firisii, and the floating-leaved

species Nuphar lutea, Sparganium emersum and Polygonum amphibia. At the left end

of Axis 1 are species which are most abundant at lightly trafficked sites with abundant

aquatic vegetation, including Ceratophyllum demersum, Elodea canadensis and the

lemnids. Species near the top of Axis 2 include the algae Vaucheria dichotoma and

Enteromorpha which reach their greatest relative abundance in clay based, agricultural

areas with high water conductivity. At the opposite end of this Axis are species

associated with steep-sided, relatively deep channels, often in urban sites or subject to

shading and include Sagittaria sagitnfolia, Potamogeton perfoliatus, P. natans and

Luronium natans.

3.6.3 Sidewaters

3.6.3.1 All principal species

The CCA axes (figure 3.9a.) explain 29% of the variance in the species weighted

averages (see Table 3.15a). Axes 1 ranges from high disturbance at the negative end

(MY, TSS, NTU), associated mainly with soft-banked sites mainly in areas of

livestock or arable farming, to sites characterised by deep water (ZMAX, ZAVE) and

hard, steep-sided banks (BNK 1, HARD). The only trend apparent for Axis 2 is for

increasing livestock activity, decreasing conductivity and increasing water quality from

bottom to top (Table 3.17a).

90



Figure 3.8a CCA biplot of all principal mainline species

0

-2

my-.

%SEC
ZMAY	 2A

SHAD

SR4Q
•Piri	 g\ SW

Bice.. Scac
Oecr •	 Gnu 11;s%.
vebe .	 Apno• Lyco

14Fel.

Pper
,__Istiti	 4AQD. Hmer

'.D9,>9.	 Luc

.
•	 URA

E.

. Mysp

•	 Pnat	 AQSP
00.Y. W0003.

/ TYia

•	 Clad

E5u.Snerrlum	 ji	 su; FtRrii -""-------"- suem.caha

Cxpa

A ca LT:720'jhibsc..... 49P.."

sca.Q . Phat ;,.1Jul	 '
.../.,--- ' nerfry

Ls.a... ir>,../ Rung' on. r
S 

.P115C
"--	 T,f

TSS	 SPN° r Non
•Tya,

Phra	
FARM

•
•	 cxac

r I

MASP

Grna%
FCOV

•	 •	 CROP
ECOY•	

o'Ecif.
I.	

-	
. Kona

•	 Cede	 • Leer

Beer .	 • cut

eau Vane •	 Lemira

srr	 • Ecan

Ch:Ir	 .
Leg

-2
	

0
	

2

All codes for species and environmental variables are shown on the fold-out
sheets at the back of the thesis. Nominal variables are represented by their
centroid (the weighted means of the sites to which they relate). The
positions of the arrow heads for other environmental variables are
proportional to their correlation with each axis. Species co-ordinates are
given by the weighted average of the site scores. This biplot explains 26%
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Figure 3.8b. CCA biplot of all principal aquatic main channel species
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Table 3.16a Intraset correlations and canonical coefficients for Axes 1
and 2 of a CCA of the mainline 'all principal species' data

Intraset correlations Canonical coefficients

AXES VARIABLE 1 2 1 2

MY* -0.767 0.032 -0.495 0.284
TSS -0.600 -0.238 0.247 -0.235
NTU* -0.697 -0.204 -0.467 -0.003
COND* -0.002 -0.069 -0.094 0.188
QUAL* 0.025 0.035 0.364 -0.070
N 0.201 0.085 0.054 -0.005
S -0.035 0.032 -0.102 0.051
E -0.060 -0.156 -0.038 -0.050
W -0.017 0.046 0.038 -0.012
NE 0.040 -0.056 0.104 0.052
NW 0.001 -0.170 -0.028 -0.096
SE -0.098 -0.004 -0.146 -0.041
SW -0.093 0.138 0.000 0.000
HARD* 0.260 0.531 0.166 0.348
SHAD -0.046 0.301 -0.097 0.163
ZMAX* -0.282 0.516 -0.237 0.026
ZAVE -0.080 0.538 0.329 -0.203

XSEC* -0.072 0.553 -0.310 0.389
BNK1 0.140 0.459 -0.104 0.245
BNK2 -0.227 0.237 -0.192 0.193
BNK3 0.131 -0.598 0.000 0.000

TROD* -0.255 -0.053 0.076 0.035
FALL -0.164 0.043 -0.025 0.169
CUT 0.179 -0.078 0.071 0.064
BOAT -0.412 -0.043 0.015 -0.068
MGMT -0.144 -0.132 -0.115 -0.128
URB 0.238 0.283 0.042 0.055
WOOD 0.118 0.154 0.041 0.054
FARM -0.115 -0.237 0.010 -0.035
SURB 0.259 0.081 0.131 0.090
PAST -0346 -0.171 0.000 0.000

CLAY* -0318 -0.454 -0312 0.406
SAND -0.107 0.171 -0.247 0.413
CALC -0.078 0.011 -0.243 0.3C0
SDCL* 0.146 0.545 -0.139 0.781
CLCC* 0.372 -0.293 0.000 0.000
TEMP* -0374 -0.249 -0.213 -0.053
300Y* 0.097 0.243 -0.007 0.117
300N -0.097 -0.243 0.000 0.000

SPNO -0.131 -0.216
CROP 0.436 -0.113
SUBM 0.626 0.120
ECOV 0.191 -0.192
FCOV 0.652 -0.068
MHY -0.751 -0.063
AQSP 0.471 0.296
MASP -0.486 -0.448

* variables which make a significant unique contribution to the explanation
of species variance (P<0.05; Monte Carlo random permutations test: 99
unrestricted permutations)

Variables shown separately at the foot of the table were passive

9. 9
	

93



Table 3.16b Intraset correlations and canonical coefficients for Axes 1
and 2 of a CCA of the mainline 'principal aquatic species only' data

Intraset correlations Canonical coefficients

AXIS VARIABLE 1 2 1 2

MY* 0.781 0.232 0.588 0.207
TSS* 0.467 0.377 -0.218 0.152
NTU 0.550 0.288 0.256 -0.181
COND* 0.119 0.388 0.070 0.094
QUAL* 0.199 0.185 -0.117 0.069
N* -0.057 -0.087 -0.011 -0.110
S* 0.074 0.070 0.057 -0.066
E 0.054 0.207 0.032 0.006
W* -0.063 -0.061 -0.018 -0.020
NE -0.065 0.069 -0.096 -0.056
NW -0.155 0.083 0.081 0.213
SE 0.021 -0.167 -0.015 -0.130
SW 0.155 -0.089 0.000 0.000
HARD 0.206 -0.239 -0.073 -0.181
SHAD 0.175 -0.283 0.069 0.087
ZMAX* 0.554 -0.372 0.398 -0.088
ZAVE 0.349 -0.420 -0.227 -0.019
XSEC* 0.345 -0.430 0.077 -0.156
BNK1 0.220 -0.208 0.367 -0.023
BNK2 0.274 -0.206 0.235 -0.141
BNK3* -0.496 0.412 0.000 0.000
TROD* 0.203 0.034 -0.014 -0.182
FALL 0.242 0.023 0.042 -0.172
CUT -0.238 -0.098 -0.078 -0.265
BOAT 0.402 0.233 0.028 0.158
MGMT 0.079 0.208 0.121 0.183
URB 0.012 -0.201 0.046 -0.071
WOOD -0.084 -0.275 0.004 -0.244
FARM* 0.022 0.400 -0.024 0.076
SURE -0.126 -0.113 0.073 -0.160
PAST 0.130 0.124 0.000 0.000
CLAY* 0.131 0.573 0.322 -0.025
SAND 0.095 -0.049 0.192 -0.231
CALC* -0.057 -0.124 0.181 -0.135
SDCL* 0.144 -0.622 0.256 -0.503
CLCC* -0.381 0.228 0.000 0.000
TEMP* 0.328 0.433 0.267 0.067
300Y* -0.046 -0.499 0.113 -0.235
300N 0.046 0.499 0.000 0.000

SPNO -0.117 -0.027
CROP -0.453 -0.156
SUBM -0.405 -0.030
ECOV -0.350 -0.166
FCOV -0.593 -0.061
MHY 0.738 0.294
AQSP -0.202 -0.305
MASP -0.020 0.104

* variables which make a significant unique contribution to the explanation
of species variance (P<0.05; Monte Carlo random permutations test: 99
unrestricted permutations)

Variables shown separately at the foot of the table were passive
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Aquatic species are virtually confined to the right of the diagram, the only

exceptions being Butomus umbellatus, Nuphar lutea and Glyceria fluitans. The two

common Carex species C. riparia and C acutifoimis again emerge as the species found

in greatest relative abundance at high traffic densities. Towards the right of the diagram,

characterised by deep, steep-sided sites, are the principle elodeids and the lemnids.

Species towards the foot of Axis 2 are most commonly associated with waters of high

conductivity, and include Phragmites, Potamogeton crispus and Typha latifolia, the

latter being an especially distinctive species of sidewaters and often occurring in urban

locations. There is also a strong gradient of grazing marsh associated species from top

left to bottom right. Among the species characteristically found along cattle grazed

margins are Glyceria fluitans, Apium nodiflorum, Veronica beccabunga and Acorus

calamus. In the case of Acorus, a species not traditionally linked with cattle trampled

margins, the association may be merely the result of the abundance of this species at

along the Lancaster Canal on which several heavily grazed sites were located. Rorippa

nasturtium-aquaticum lies at the opposite end of this gradient. This species may suffer

from increased cattle activity due to its palatability, although it is often abundant at cattle

grazed sites on soft mud out of reach of livestock. The position of R nasturtium-

aquaticum in the ordination is however, probably more strongly influenced by its

abundance as a free floating plant in deep water arms and along the outer edge of the

reed fringe at several lightly trafficked canal sites (eg. FCG3, W2 and ST1).

3.6.3.2 Principal aquatic species only

CCA axes account for 30% of the variance in the species weighted averages

(Table 3.15b; Figure 3.9b). Axis 1 is again a gradient of increasing disturbance most

strongly related to boat traffic and turbidity (Table 3.17b), while no clear environmental

gradient can be discerned on Axis 2.

The origin of Axis 1 roughly separates aquatic species into those which are

abundant under a variety of conditions in sidewaters on lightly or unnavigated canals,

such as Ceratophyllum demersum, the lemnids and filamentous algae (Hydrodictyon

reticulata, Spirogyra and Enteromorpha), from those more characteristic of fully

navigable waterways. The position of Ceratophyllum reflects its dominance of the flora

in several deep basins such as L&L15, while the algae are located towards the upper

end of Axis 2, corresponding to increasing conductivity. At the far right of Axis 1 are

several species occasionally found in relatively turbid sidewaters associated with

occasional to heavy boat use and increasing mainline traffic density. These include

Butomus umbellatus and Sparganium emersum, together with the submerged species

Potamogeton pectinatus and P. pelfoliatus, which have an apically-centred growth
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form, often trailing on the water surface, and can therefore persist at low light

intensities.

3.6.4 Relative importance of environmental variables in explaining species

composition

The results of PCCA are given in Tables 18a and 18b as absolute values (ie.

proportion of the total inertia explained independently by that variable or group of

variables) and, for comparative purposes, as relative values (ie.variance explained

independently by that variable or group of variables as a proportion of the total variance

explained by all variables together). It should be noted that the total variance accounted

for is not equal to the sum of the variances explained by each individual variable or

subgroup of variables unless all variables are perfectly mutually uncorrelated, a

situation which is unique to designed experiments. Hence, the more closely

interrcorrelated a group of variables is, the smaller is their combined power of

explanation relative to the sum of their individual powers.

Geological and landuse variables emerge as the single most important factors in

explaining the variation in species composition in both data sets in sidewater and main

channel habitats. Aspect, BANK and MY are the other key variables. In all cases

external regional influences (TEMP, altitude, geology and landuse) collectively explain

12-16% of the total variance which is equivalent to 36-38% of the variance explained

by all variables taken together. The relative importance of the regional influences differs

little between habitat type but geology is proportionally more important in the case of

purely aquatic vegetation.

Intrinsic physico-chemical characteristics of the site, including water chemistry

(QUAL and COND), local climate (aspect and SHAD), and channel properties

(BANK, HARD, ZMAX, ZAVE and XSEC), together accounted for half of the

variance which could be explained in total. COND appears to be a relatively more

important determinant of the composition of aquatic vegetation in sidewaters than in the

mainline. Aspect emerges as a key factor in all data sets but appears to be more

significant in the case of aquatic vegetation. Shading is relatively unimportant. Bank

profile is the most important of the variables relating to channel dimensions. BANK

was more significant in the aquatic species data sets but curiously was markedly more

important for both data sets in sidewaters than in the main channel. HARD was of

similar importance in both habitats and explained twice as much of the accountable

variance in the mixed data set, dominated by emergent vegetation, as in the purely

aquatic data set. In the main channel all depth related variables, most notably ZMAX,

were more important in the aquatic species data set, but in sidewaters they were of
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Figure. 3.9a CCA biplot of all principal sidewater species
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All codes for species and environmental variables are shown on the fold
out sheet at the back of the thesis. Nominal variables are represented by
their centroid (the weighted mean of the sites to which they relate). The
positions of the arrow heads for other environmental variables are
proportional to their correlation with each axis. Species co-ordinates are
given by the weighted average of the site scores. This biplot explains
29% of the variance in the weighted averagts of the species data.
Eigen values: Axis 1=0.305, Axis 24.154.
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Figure 3.9b. CCA biplot of principal sidewater aquatic species
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Table 3.17a Intraset correlations and canonical coefficients for Axes 1
and 2 of a CCA of the sidewater 'all principal species' data

Intraset correlations Canonical coefficients

AXIS VARIABLE 1 2 1 2

MY* -0.669 0.055 -0.321 0.223
TSS -0.575 -0.117 -0.076 0.186
NTU -0.621 -0.050 -0.149 -0.205
COND* -0.066 -0.630 -0.162 -0.184
QUAL -0.010 -0.543 0.118 -0.257
N 0.117 0,161 0.087 0.133
S 0.058 0.160 -0.018 0.104
E -0.085 -0.321 0.026 -0.038
W -0.092 0.016 0.046 -0.096
NE -0.058 0.054 -0.077 0.148
NW 0.075 -0.055 0.048 0.294
SE 0.078 0.045 -0.015 0.090
SW -0.034 -0.064 0.000 0.000
HARD 0.586 0.060 -0.070 0.194
SHAD -0.163 0.014 -0.082 -0.058
ZMAX 0.416 0.107 0.054 -0.017
ZAVE* 0.468 0.150 0.417 0.125
XSEC 0.297 -0.010 -0.286 0.169
BNK1* 0.675 0.082 0.533 0.041
BNK2 0.018 -0,180 0.155 -0.133
BNIC3 -0.523 0.088 0.000 0.000
WIDE -0.196 0.013 0.128 -0.118
LONG 0.146 -0.209 0.411 -0.147
AREA* -0.040 -0.140 -0.086 0.316
PERIM 0.074 -0.220 -0.421 -0.455
TROD* -0.291 0473 -0.057 0.320
FALL -0.049 -0.093 0.040 0.150
CUT 0.164 -0.147 0.157 -0.240
BOAT -0.309 0.209 -0.142 0.007
MGMT -0.188 -0.026 -0.149 -0.001
URB* 0.245 -0.203 0.015 -0.214
WOOD 0.124 0.210 0.021 0.100
ARAB -0.254 -0.156 -0.049 -0.077
SURB 0.264 -0.162 0.020 -0.211
PAST -0.316 0.303 0.000 0.000
BRY 0.071 0.059 0.045 -0.083
BRN -0.071 -0.059 0.000 0.000
CLAY -0.271 -0.229 -0.080 0.213
SAND 0.009 0.165 -0.123 0.389
CALC 0.020 0.253 -0.082 0.226
SDCL 0.082 0.153 -0.180 0.346
CLCC 0.214 -0.204 0.000 0.000
TEMP -0.303 -0.465 -0.039 -0.332
300Y -0.015 0.362 -0.087 0.000
300N 0.015 -0.362 0.000 0.000

SPNO -0.243 0.116
CROP -0.040 -0.263
SUBM 0.826 0.102
ECOV -0.369 -0.121
FCOV 0.735 -0.024
AQ SP 0.516 0.122
MASP -0.603 0.024
M HY -0.670 0.064

* variables which make a significant unique contribution to the explanation
of species variance (P<0.05; Monte Carlo random permutations test: 99
unrestricted permutations)

Variables shown separately at the foot of the table were passive
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Table 3.16b Intraset correlations and canonical coefficients for Axes 1
and 2 of a CCA of the sidewater 'principal aquatic species only' data

1ntraset correlations Canonical coefficients

AXIS VARIABLE 1 2 1 2

MY* 0.680 0.062 0.396 0.259
TSS 0.409 0.179 0.029 0.195
NTU* 0.550 0.065 0.094 0.055
COND* -0.047 0.426 0.163 0.556
QUAL -0.012 -0.068 0.058 -0.283
N -0.125 -0.045 0.148 -0.186
S 0.028 0.143 0.287 0.083
E* 0.155 -0.156 0.224 -0.493
W -0.025 0.173 -0.016 0.069
NE 0.048 -0.018 0.292 -0.084
NW -0.177 0.002 0.075 0.248
SE 0.112 -0.267 0.118 -0.216
SW* -0.035 0.116 0.000 0.000
HARD -0.158 -0.179 -0.619 -0.142
SHAD 0.129 -0.132 0.229 0.117
ZMAX* -0.168 0.215 -0.113 1.214
ZAVE -0152 0.153 -0.116 -0.564
XSEC* -0.023 0.112 0.486 -0.181
BNK1 -0.165 -0.087 0.583 0.395
BNK2 0.169 -0.029 0.139 -0.178
BNK3 0.022 0.106 0.000 0.000
WIDE 0.087 -0.038 -0.015 0.026
LONG -0.023 -0.011 -0.791 -0.168
AREA 0.019 0.075 0.289 4067
PERIM -0.039 0.070 0.134 -0.036
TROD* 0.307 -0.150 0.101 -0.319
FALL 0.158 0.011 0.270 -0.256
CUT* -0.356 -0.140 -0.137 -0.296
BOAT* 0.460 0.211 0.216 0.138
MGMT 0.196 0.169 0.174 0.001
URB* 0.045 -0.135 -0.141 0.043
WOOD 0.054 -0.281 0.004 -0.171
ARAB 0.037 0.238 -0.189 0.196
SURB -0.219 0.107 -0.081 -0.164
PAST 0.130 0.064 0.000 0.000
BRY -0.019 -0.148 -0.137 -0.187
BRN 0.019 0.148 0.000 0.000
CLAY -0.102 0.286 0.004 0.041
SAND* 0.182 0.068 0.349 -0.113
CALC* -0.058 0.170 0.194 0.106
SDCL* 0.306 -0.423 0.647 -0.306
CLCC -0.389 0.059 0.000 0.000
TEMP* 0.278 0.238 0.093 0.264
300Y 0.065 -0.290 0.044 0.127
300N -0.065 0.290 0.000 0.000

SPNO 0.179 0.044
CROP -0.200 -0.143
SUBM -0.366 0.191
ECOV 0.158 0.008
FCOV -0.546 -0.470
AQSP -0.165 0.170
MASP 0.290 -0.021
MHY 0.668 0.031

* variables which make a significant unique contribution to the explanation
of species variance (P<0.05; Monte Carlo random permutations test: 99
unrestricted permutations)

Variables shown separately at the foot of the table were passive

100



g	 o
41

On 	 WI
.-.	 ...

e	 1

U	 c:
F-.	

N
len	 i'	 r?	

—
e	

vl0	 4 —	 N
,r1	 4a	 0	 et	 an	 es:	 .4:	 ci	 e:

l----, Q
V.. A :."?. V
...; —; .4 —;

esi 000

8

.2	 .1	 i ,.	 0

	

.8 s I	 1..- P6 .4 	 el

	 n 

..I 1; u 	 I 1 i 
n	  A1 I

1 1 P :0*a. 7

t 14 :
ig: >

	

g	 < tP F,

147 1

jp1

	

e	

9 LD t

F:
i P g . g A" "il

g >-n ; p ?, 8
. - : : P,

o

5 6 ' :: ; 3i 	 g in

L, w !,	 TE -

x
i 1 .1

	

]; 1 i il !	 , 2 1 i.4	 3 2 >' * 1

9
Tel
0

;=4
E.

44

0'..74 ,---eL.---,
4 scl,' 4 ic!
e‘i — N sci

,---e t---, r--, t_....,

q r-1
N —i

0,

1.--, ,---, \---,,..---)r---;

F,1 P.,. ,.., , — I.

,----,

2 r- 3 A
ezi 6 d —;

se d• en e--.. e...	 en 4.)
tei (.4 en “i

CA

a. ..r?
sr)

•1
0

0 r •

.
r*: isl '73 '. S A qen o oc; evi NO

.0 1----., „-._)t—_, „___Jt_._, t.----, t--_,r— ,_____Jt----, „_,..—.) „---,

co 0 0, (+4al — ,r) on
ts1 00
<I.	 co 22V3A g000

'74	 E.
—. ..4 ,86 O —N '0 4 N •-n r4 —; 6	 ...: -4 -4 en .-• e4 en

0

0
cn
ri

A
0. Cl)

u

J.
N

a g
..

0
WI

.0 < C-:
.-.

Ti cei ci...,

0

CY

C7

8 s5;
re; ei

G FA
e4	 .-4

o
N

p.

cn tti .7: 4;

a,

(-11

t zI r. it p Cp, tr.

41:	 ..4	 ei	 t...i	 e4
Fos

Zt.

N •-•
c:J

sci

.4.	 0.

,o

crs 	 n

(-4 -

EA) 5,1
t--

•-;	 tsi

0

I
ITO PI• .

• 

1E16'3	 ;

101



co)

C.)

p

CY

.0
cl	

S
...Z0	 .D

N

•-•

	

0 .18E--..	 P P

	

 a: a;	 CNNCn

CCC

44
0en
	 o C	 '5

rei

oo N oo
00 00
kr; •-• t‘i

aC;

,r;

	  n	

IR.11uneatel	 en	 00	 v)
"I	 g	

-..
E.-	 a 	 en	 cl	 en	 SSen	 a:	 a:	 eei	 01	 s:M	 a,

PI

,40 ho ,0 CT
sO sO .-, en	 t;"; g	 2 ‘1.1	 “. 8. V.	 V S t; V	 ,0 <7+ G 0,

oo en	 .--.	 s° F8 P '
vi 	 WI 4 a:	 46 si	 t- en nt en oq	 e. .. n•.• ("4	 .-. ,c3 r-: ai	 E.-4 si si 4.. ...	 .-I

10.

Lr4
N
c•O

si...1

se
d

vno
s:

-,

t-
o?s

.5.
g
u:5

g
0

CO N

> r-s
,c5

„

si
s scO 8	 EV," g

'#0ssOo0 4 sa
ses

•-n

Z.'

CO
U

P
a

tn
E...E
adEa,

J

G.
—

0

CY
CO

< ,_,
g P
%a wi

g

,..__..,
cio 0, 0N"	 en nel

S 4 0 se
s .-.

eFo'. 	 P
00 115 50

4N
a:4

1%. <

4',

8
er,

00
asi

171

&
0 0

SQ 00 en
vj al: ad en

4 59,
N %Pi 4 41.,

cia

'15 00
0515

,a
N

un si

0

•te

7

2	 i
:2.

0

71.4

.-.

g	

,-

fa

4

a 8 tt
.03
00

g'

hh ›.•

.0

E—.

a
E-
<
A

i 1.-- la— 0

A—L..,g3
P., 4

g
o 01.10aaaie.>"

102



similar or lesser importance than in the mixed data set. The morphometric

characteristics of sidewaters (AREA, PERIM, LONG and WIDE) explained only about

4% of the total variance, equivalent to about 10% of the accountable variance allowing

for the added contribution of this group of variables (see Table 18b).

Both navigational influences (MY, BOAT, TSS and NTU) and other disturbance

factors (TROD, FALL, MGMT and CUT) contributed more to explaining the variance

in the aquatic species data set than the mixed data set, with the greater importance of the

navigational influences being most apparent. This group explained 19-23% of the total

explicable variance, compared to 13-17% for the other disturbances. The contribution

of MY, BOAT, TSS and NTU was generally similar for both data sets and habitats

although BOAT was proportionally more important than MY in explaining the variance

in the composition of the aquatic vegetation in sidewaters. Other disturbances,

principally TROD and CUT, had a larger relative influence in sidewaters than in the

main channel.

3.7 Environmental determinants of overall vegetation structure

Figure 3.11 summarises the relationship between manually classified vegetation

structure and the main environmental variables, as determined by Monte Carlo testing

(99 unrestricted random permutations; ter Braak, 1987b, 1990b). This diagram

explains 48% of the variance of the weighted averages. Reference to Figure 3.12 in

conjunction with Table 3.19 shows that Axis 1 is strongly correlated with boat traffic

density (my) and associated variables (boat manoeuvering, turbidity and suspended

solids load), while Axis 2 reflects a gradient from deep, hard-banked sites to shallow,

soft-banked sites. Hence the most significant variables in discriminating between the

vegetation classes were MY, NTU, BOAT, ZAVE and BANK, with SHAD, WIDE,

LONG, AREA, PERIM, TROD, CUT and CLCC also making a significant unique

contribution to this discrimination. In terms of the distribution of site types, there is a

general trend of increasing emergent plant abundance (Ix to IIlx) moving from top to

bottom of Axis 2 (ie with declining average depth and increasing bank softness).

Aquatic plant abundance increases (xA to xC) from left to right on Axis 1, that is with

reducing traffic density, turbidity and boat use. This is illustrated in Figure 3.12.
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Figure 3.10. The interpretation of a CCA biplot
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Figure 3.11. Biplot of weighted averages for vegetation classes
with respect to key environmental variables.
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The first two axes of the canonical variate analysis explain 48% of the
variance in the means of the manually classified sidewater vegetation types.
The cluster means lie at the centroid of a cloud of individual sample points
corresponding to linear combinations of the environmental variables (see
Figure 3.12). For clarity only those environmental variables contributing
significantly to the separation of clusters are shown (P= <0.05; Monte Carlo
test; 99 unrestricted random permutations). Variables relating to site species-
richness (SPNO; MASP; AQSP) were included as passive variables to
illustrate their relationship with the vegetation classes and the principal
environmental variables.

Eigenvalues: Axis 1 = 0.666; Axis 2 = 0.591.
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and (RIGHT) the Axis 1-dependence of clusters based on cover of floating-leaved
vegetation and submerged plant biomass (increasing from left to right). See text.



Table 3.19 Intraset correlations and canonical coefficients for Axes
1 and 2 of multiple discriminant analysis of manually classified
sidewater vegetation types shown in Figure 3.11

Intraset correlations Canonical coefficients

AXIS VARIABLE 1 2 1 2

MY* -0.755 0.059 -0.944 -0.066
MHY -0.683 -0.104 0.738 0.216
TSS -0.728 -0.073 -0.389 0.081
NTU* -0.717 -0.094 -0.141 -0.199
COND -0.038 -0.111 0.022 -0.005
QUAL -0.288 0.088 -0.205 0.090
N 0.116 -0.044 -0.088 0.014
S* 0.034 0.117 -0.099 0.158
E -0.044 -0.117 -0.055 -0.019
W -0.005 -0.204 -0.103 -0.008
NE -0.078 0.116 -0.141 0.065
NW -0.009 0.151 -0.054 0.134
SE -0.016 0.078 -0.168 -0.023
SW -0.016 0.035 0.000 0.000

HARD -0.016 0.662 -0.192 0.226
SHAD* -0.038 -0.022 -0.133 0.320

ZMAX 0.157 0.494 0.106 0.158

ZAVE* 0.086 0.671 0.154 0.407

XSEC 0.243 0.207 0.055 0.000

BNK1* 0.071 0.704 0.316 0.586

BNK2* -0.031 -0.029 0.157 0.140

BNK3 -0.036 -0.580 0.000 0.000

WIDE* -0.047 -0.117 0.290 0.110

LONG* 0.196 -0.056 0.591 -0.025

AREA* 0.064 -0.146 -0.128 0.355

PERIM* 0.176 -0.140 -0.417 -0.607

TROD* -0.075 -0.122 0.028 0.122

FALL -0.112 -0.096 -0.125 -0.022

CUT* 0.080 0.230 -0.002 0.230

BOAT* -0554 0.291 -0.130 -0.119

MGMT -0.417 0.222 -0314 0.007

URB 0.141 0.064 0.164 0.04.6

WOOD 0.064 0.003 -0.028 0.070

ARAB -0.074 -0.211 0.239 0.005

SURB 0.075 0.222 0.081 0.054

V AST -0.159 -0.092 0.000 0.000

BRY -0.070 0.164 0.056 -0.018

BRN 0.070 -0.164 0.000 0.000

CLAY -0.270 -0.053 -0.080 0.009

SAND -0.078 0.124 -0.300 -0.038
CALC -0.006 0.096 -0.198 0.096
SDCL 0.172 -0.144 -0.156 -0.071
CLCC* 0.238 0.070 0.000 0.000
TEMP -0.381 -0.005 -0.041 0.071
300Y -0.017 0.025 -0.100 0.029
300N 0.017 -0.025 0.000 0.000

SPNOt 0.502 -0.637
AQSP 0.809 -0.057
MASP 0.244 -0.791

* variables making a significant unique contribution to the explanation of variance
between groups (P<0.05; Monte Carlo random permutation test).
t intraset correlations for passive variables

-	 1 0 7



3.8 Characteristics of sidewater sediments

Measurements of substrate penetrability in sidewaters (Table 3.20) confirm the

general softness and high fluidity of the bed when compared to the mainline. Most sites

surveyed had a loose, uncompacted surface layer of sediment, typically around 35cm

deep, compared to c.15cm for sediment averaged across the width of the main-channel.

By slight pressure to the top of the measuring rod it was possible to estimate depth of

accumulated sediment in sidewaters of 80 cm or more, while similar values in the main-

channel rarely exceeded 40cm. Many sidewaters surveyed in the previous year were

found to contain soft flocculent sediment over lm deep but were excluded from further

sampling for reasons of safety. The measurements from the present limited range of

sites probably understate the extent of siltation commonly occurring in sidewaters.

The softness of sidewater sediments is consistent with measurements of percent

oxygen saturation taken at the surface of the water and of the bed (Table 3.21). At most

of the sites visited, the water was undersaturated in terms of oxygen content. It is

evident from previous extensive monitoring (eg. Murphy, 1980) and Water Authority

and NRA water quality data that this not uncommon in canals, even during the summer,

and is largely responsible for the lower ranking of canals in terms of biological water

quality when compared to rivers. The low oxygen saturations are a general reflection of

slow rates of water movement in canals, but at the present sites were probably

exacerbated either by the low standing crop of submerged vegetation or low

photosynthetic rates associated with prevailing dull wet weather conditions at the time

of recording. Low oxygen saturation on the bed reflects the characteristically high BOD

of sediments in shallow, slow-moving eutrophic waters, induced by microbial

decomposition of accumulated macrophyte detritus and allochthonous organic matter

and respiration of the sediment infauna. The fact that sediment surface oxygen

concentrations do not indicate total anoxia may be due to the low concentrations of

organic matter in main-channel canal sediments attributable partly to low autochthonous

production and rapid decomposition in these moderate to heavily-trafficked systems

(Staples, 1992).

Dissolved oxygen saturation at the surface of sidewaters was often lower than in

adjacent sections of main-channel. This is indicative of the more static water

environment of sidewaters, but may also be the result of increased sediment oxygen

demand affecting the overlying water column in shallow standing water. This latter

suggestion is supported by the generally much larger differential in oxygen saturation at

the bed between sidewaters and the main-channel when compared to water surface

saturation. Direct inputs of organic matter to sidewaters occur via autochthonous



Table 3.20 Substrate penetrability (mean ± 1 SE) in sixteen sidewaters and
adjacent sections of main-channel covering a wide range of traffic densities.

SITE S1DEWATER
mean	 ±SE n

ADJACENT CHANNEL
mean	 ±SE	 n

ASH 1 19.2 1.6 6 12.8 0.9 4

W&EC1 20.1 2.4 7 13.0 5.2 3

GUML 10 40.5 2.3 10 18.0 4.5 3

K&A5 33.3 1.6 13 9.8 0.4 4

LAN 12 34.3 1.4 10 31.2 2.7 10

L&L 2 23.3 9.0 3 7.3 7.3 3

L&L 5 17.1 1.8 16 2.2 2.2 6

L&L 20 27.6 2.1 12 3.5 3.5 3

MACC 5 36.5 1.4 13 2.8 2.8 6

MACC 6 30.7 1.8 9 2.2 2.2 13

OX 1 23.0 1.8 8 3.2 3.2 6

PF 3 38.3 3.3 3 3.3 3.3 4

SUC 14 22.2 1.5 13 11.6 2.0 9

S&W 8 39.6 3.0 7 21.2 5.2 9

TM 7 37.9 3.7 14 12.1 2.8 15

LEEK 2 29.1 1.8 17 13.7 2.9 9

Substrate penetrability measured as the distance in cm penetrated by a standard
steel rod of 12mm diameter and weighing 0.6 kg, free-falling from a starting
position flush with the sediment surface. See text for details.
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Table 3.21 Mean percent oxygen saturation (± 1 SE) in selected sidewaters
and adjacent sections of main channel measured at water and sediment surfaces

SITE SIDEWATER

mean	 ±SE n

ADJACENT CHANNEL

mean	 ±SE	 n

surface 88.1 1.0 4 91.3 0.9 3
GUML 10

bed 8.5 0.7 4 27.0 1.3 3

surface 130.4 0.9 5 135.0 1.8 4
K&A5

bed 12.0 0.8 5 67.8 2.9 4

surface 77.2 5.7 5 90.1 1.3 4
MACC 5

bed 11.7 1.7 5 14.6 7.5 4

surface 44.0 2.0 7 85.8 1.0 4
MACC 6

bed 3.2 0.4 7 1.9 0.8 4

surface 63.5 1.2 8 59.8 1.8 6
OX 1

bed 6.9 5.6 8 32.5 10.5 6

surface 70.5 2.0 11 77.8 0.9 3
LEEK 2

bed 6.4 2.4 11 16.0 2.6 3

Measurements taken with a WTW Microprocessor Oximeter calibrated to
100% saturation in air. 'Surface' = 10cm below water surface. 'Bed' =
reading after 30 secs with probe held flush with sediment surface.



production, mainly as leaf litter from emergent vegetation, plus leaf-fall from

overhanging trees, but, especially at high mainline traffic densities, are likely to be

supplemented by a net influx of fine, easily resuspended organic matter from the main-

channel. The extent of organic matter accumulation in sidewaters is readily apparent,

particularly in shaded sites, where the sediment is dominated by thick deposits of

largely intact leaves, interspersed with fine soft flocculent mud. In most sites, the sub-

surface sediment is blackened by ferrous sulphide produced by the microbially

mediated reduction of ferric compounds in the sediment. Sampling in sidewaters often

resulted in the eruption of large bubbles of hydrogen sulphide and methane at the water

surface, released from the previously undisturbed sediments. This provided further

testimony to the strongly reducing nature of the offline substrate.

3.9 Benthic invertebrates

Total invertebrate population densities were low, typically in the order of 2

animals per sample c.800m-2. Data is illustrated in Figure 3.13. At all sites total

invertebrate densities did not differ significantly between sidewater and mainline

(Mann-Whitney U tests; P>0.1), and there was no consistent pattern to the magnitude

or direction of these differences which could be related to the abundance of aquatic

vegetation (decreasing from left to right in Figure 3.14) or to mainline traffic density

(increasing from left to right). An overall comparison of the pairwise differences

between sites, using a Wilcoxon signed ranks test, confirmed the lack of a significant

general difference between sidewaters and main channel benthic invertebrate population

densities (z = 0.497; P=>0.2).

Invertebrate community structure in both sidewater and main-channel sites was

dominated by chironotnids, plus tubificids and Sphaeridae. In vegetated sites these

infaunal taxa were supplemented by small numbers of weed-associated species, mainly

Asellus aquaticus or Gammarus pulex, which must have been dislodged from plants

during sampling or were associated with the basal areas of plant stands. Besides a

reduction in the occurrence of epifaunal plant-associated taxa with increasing traffic

density, there was evidence of a restriction of Chironomus species to sidewaters, but

otherwise no clear structure to the data set due to the small numbers of animals recorded

(Appendix 3.8).
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4. DISCUSSION

4.1 General botanical differences between sidewater and mainline

habitats

All comparisons between the vegetation of sidewaters and the main-channel,

whether on the basis of overall vegetation components (Table 3.6) or at the species

level (Tables 3.8 and 3.9), highlight the predominance of emergent vegetation in

sidewaters. This appears to be a widespread characteristic of backwater habitats on

navigable systems (Peck & Smart, 1986; Bhowmik & Adams, 1989). Cover and

biomass of emergent vegetation was significantly greater in sidewaters, emphasising

the increased contribution of large stand-forming species such as Glyceria maxima,

Typha latifolia and Sparganium erectum, which frequently formed extensive areas of

rooted or floating reedswamp (PLATE 3.1). Increased abundance of several marginal

species including Mentha aquatica, Lycopus europaeus, Rorippa nasturtium-aquaticum,

Epilobium palustre, Ranunculus sceleratus, Galium palustre, SteMaria alsine and

Veronica beccabunga is indicative of the greater availability of inundated marsh edge

habitats. Duckweeds also occurred frequently and with increased abundance in

sidewaters and are characteristic of the more static water conditions. The presence also

of Ceratophyllum demersum and Elodea nuttallii at increased abundance suggest that

sidewaters provide a refuge for aggressive but fragile elodeid species which, in the

main-channel, are normally restricted, through mechanical damage, to low traffic

densities. In sites where extensive emergent vegetation has failed to establish, these

elodeids, coupled with the lemnids, comprise a flora typical of eutrophic ponds, dykes

or ditches (Hejny & Husak, 1978; NCC, 1989).

The dominance of emergent vegetation in sidewaters is reversed in the main-

channel. Despite total biomass and cover of submerged and floating leaved vegetation

being similar to that found in sidewaters, the significantly smaller emergent plant

biomass in channel habitats magnifies the importance of the aquatic component of their

vegetation. Species found more frequently or at higher levels of abundance in the main-

channel include Potamogeton pectinatus, Sparganium emersum, Alisma lanceolatum,

Nuphar lutea and, to a lesser extent, Sagittaria sagittifolia and Potamogeton peifoliatus,

and are characteristic of deep water habitats and the margins of sluggish lowland clay-

based rivers (Haslam, 1978; Holmes & Newbold, 1984). This contrast in floristic

composition epitomises the basic ecological differences between the main-channel and

its associated shallow pond-like sidewaters. Brierley et al. (1989) reported similar

differences in the composition of the vegetation between backwater channels and the

main river of the navigable R. Nene. The greater abundance of Acorus calamus in

main-channel habitats in the present study is less predictable; Acorus is a common

113



PLATE 3.1

Large floating raft of Glyceria maxima and Typha latifolia in a redundant
sidewater on the Caldon Canal (CN4). Note invasion by Salix bushes around
the margins.

PLATE 3.2

Large subsidence lagoon (TMI8) with fringing Glyceria maxima and
Phragmites australis. Note extent of open water. This site was devoid of
submerged plants and vegetation appeared to be influenced by carp foraging,
wDve tApDS227e and Mgh turbidity due to resuspension of sediment caused by
wind- and boat-induced wave action.

PLATE 3.3

Boat manoeuvreing in a shallow winding hole (K&A6) illustrating
disturbance of bed and entrainment of sediment into the water column.





marginal species on lowland rivers but rarely appears to form extensive monodominant

stands (pers. obs.). Intolerance of substrate conditions or competitive exclusion by

more aggressive stand-forming species such as Glyceria maxima may account for the

reduced abundance of Acorus in sidewaters.

4.2 Influences on species composition and abundance: an integrated
view
The combined role of natural environmental variables and anthropogenic factors

in determining species composition and vegetation abundance in canals can best be

explained by envisaging the changes which occur in a hypothetical plant community

exposed to an incremental rise in traffic densities. Boat traffic may be best defined as a

disturbance (ie. density-independent mortality) imposed on a community whose

'starting line-up' is determined by a combination of regional and site specific factors.

PCCA emphasises the importance of regional factors such as geology, relief and

landuse, coupled with site specific factors such as aspect and bank profile (Table 3.18),

although other aspects of topography, water chemistry and substrate, not covered in the

present study, are also likely to be important. This is consistent with previous studies

on riverine vegetation which have concluded that catchment geology and water

chemistry are the primary influences on the species composition of aquatic vegetation

(Haslam, 1978; Holmes & Newbold, 1984).

Low traffic densities (<1000my) lead to the indiscriminant destruction of plant

biomass and the formation of new niches, but cannot on a general level predict the

precise identity of the species which occupy these niches; this is dependent on chance

effects, dispersal abilities of individual species and the composition of the regional

species pool, which is in turn related to the factors mentioned above. It may involve

expansion of certain existing species due to release from competitive exclusion effects

associated with reedswamp or elodeid dominance at zero traffic densities or it may

recruit previously unrecorded species from a dormant buried seed bank Increasing boat

traffic (<2000my) leads to further biomass reductions, mainly through mechanical

impacts, and creates a vegetation comprising discrete patches of plants more akin to the

mosaic vegetation structure found in rivers. Given the pre-disturbance species

composition and the documented traffic tolerance of most of the commoner species of

water plants found in canals (Pygott, 1987), it is usually possible to predict the species

identity of these patches.

Further increases in traffic density reduce the flora to an increasingly predictable

subset of traffic tolerant species (eg. Glyceria maxima, Carex acutiformis, Nuphar

lutea, Potamogeton crispus, P. petfoliatus and P. pectinatus). Stress factors associated
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with boat traffic such as turbidity, multidirectional water movement and reflective scour

are likely to play an increasingly important role in determining species composition and

constraining biomass production. At very high traffic densities the combination of

stress and disturbance produces an environment which is inimical to plant growth and

where only a few, highly predictable stress tolerant species can survive, typically P.

pectinatus and Cladophora. Hence, with increasing traffic disturbance, stress and

disturbance progressively replace geographical, regional, water chemistry and local site

factors as the overriding controls on species composition.

This general sequence of change with increasing traffic density is confirmed from

historical changes in the flora of two canals with widely different starting combinations

of species; the Llangollen Canal has a mesotrophic element to its natural flora, including

species such as Luronium natans, Potamogeton compressus, P. obtusifolius, P.

alpinus, P. praelongus and Callitriche hennaphroditica (Boycott & Oldham, 1936;

Twigg, 1958; pers. obs) while the western section of the Kennet & Avon Canal has a

characteristically base-rich flora including Alisma lanceolatum, Hippuris vulgaris, P.

lucens, P. freisii and Myriophyllum verticillatum (Murphy, 1980; Willby unpubl'd). In

both cases however, heavy recreational traffic has resulted in a rapid change to a

community dominated by the traffic-tolerant species, P. pectinatus and Cladophora

(Murphy, 1980; Harris, 1988; pers. obs.)

4.3 Principal influences on the abundance, species composition and

structure of sidewater vegetation

Using correspondence analysis and regression techniques, this study has

identified a number of key influences on the composition and structure of macrophyte

communities in canal channels and adjacent sidewaters. Differences in the relative

importances of these variables and their pattern of interaction with one another form a

basis for interpreting the similarities and differences in vegetation observed between

sidewater and mainline sites.

4.3.1 Traffic-related effects

The effects of boat traffic on the vegetation of channel ecosystems are reviewed in

Chapter 2. In sidewaters, boats are a less proximate form of disturbance (unless the

sidewater is used for boat manoeuvering), but it appears that their effects remain highly

pervasive. Three aspects of boat-induced disturbance appear to be especially important.

4.3.1.1 Turbidity

Stepwise regression functions stress the influence of NTU or TSS on the aquatic

component of the vegetation in both main channel and sidewater environments (Tables
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3.10, 3.11). This is illustrated in Figure 3.14. TSS and turbidity was significantly

lower in sidewaters than in the mainline. The differences however, were sufficiently

small (c.10.8mg1- 1 TSS and 2.2 NTU) for their effect on the light regime to be of

doubtful ecological significance since the mean TSS value in sidewaters (39.4 mgl-1)

was still more than twice that at which standing crops of submerged vegetation in the

main channel are severly reduced. The relationship between turbidity in sidewaters and

the main channel with increasing traffic density is shown in Figure 3.15. While there is

a suggestion that the regression lines diverge as traffic density increases, t-tests confirm

that neither the slope, nor the elevation of these regressions differ significantly. A lower

line is superimposed on these figures to represent an ideal order of turbidity at high

traffic densities which maintains sufficient illumination for growth of submerged

macrophytes. The ideal values are based on the turbidity coinciding with a traffic

density of 2000mhy, identified by Murphy & Eaton (1983) as a critical density above

which marked turbidity increases corresponded with the collapse of aquatic plant

standing crops. The rationale behind the use of sidewaters is that they should buffer

traffic induced increases in turbidity sufficiently well to sustain submerged macrophyte

growth. Clearly there is a significant deviation between the observed and the desired

response at high traffic densities, with both sidewater and main channel exceeding

critical turbidity thresholds at 2500-3000my. The implication is that physical isolation

from the main channel or a site design which allows adequate reduction in turbidity by

settlement, is a prerequisite for creating an appropriate light regime for aquatic plant

growth and hence for the effective functioning of sidewaters as offline refuges at high

traffic densities.

At heavy traffic densities, high water turbidity (>50NTU) is associated with very

high suspended solids loading (>100mg1- 1 ) caused by abrasion of clay puddle and

entrainment of fine bed particles through the churning action of the propellor. Unless

used directly by boats for turning, sidewaters are outside the immediate turbidity

generating influence of boats, yet are still characterised in most cases by high turbidity

at high traffic densities. This is presumably a reflection of the extremely small particle

sizes of the suspended material, which, according to the predictions of Stokes Law,

have settlement rates of only a few centimetres per day (see Garrad & Hey, 1988a).

Repeated disturbance prolongs the residence time of these particles in the water column,

thereby ensuring high turbidity in all sidewaters which are closely placed to the main

channel. Significant reductions in turbidity appear to occur only where dense stands of

emergent vegetation lead to flow stagnation (eg. COV4; mainline turbidity and TSS =

83 NTU and 442 mgl-1 respectively, cf. sidewater values of 5 NTU and 4.1 mgl- 1) or

where the site morphometry (eg. long arms) provides areas which are sufficiently
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isolated hydrologically from the main channel, to allow uninterrupted settlement of

particles.

In shallow depositional environments with a fine flocculent substrate wind-

induced wave action has been shown to cause increased turbidity due to resuspension

of the bed (eg. Cooper & Backman, 1984; Vlag, 1992). In large wide sidewaters with

extensive areas of open water, wind resuspension may be important in elevating and

maintaining turbidity, but few sites are both large and shallow enough for this

mechanism to apply. In small sidewaters which are sheltered from wind, boat-induced

wave action could be locally important in maintaining turbidity. However, boat waves

are usually of very short wavelength (Garrad & Hey, 1988a) and since sediment

resuspension normally only occurs at water depths of less than half the wavelength of

surface waves (Cooper & Backman, 1984) the potential for direct sediment

resuspension is likely to be limited to the very shallow marginal areas where emergent

vegetation is already likely to be well established. Exceptionally heavy TSS loadings in

the main channel (>400mg1-1 at COY 4, MACC 5, OX 4, SoA 1) were associated with

high traffic densities combined with seasonally low water levels caused by the relatively

dry summer (rainfall at Manchester airport for July and August combined = 60% of 30

year average: Met. Office data) and high rates of water loss through locicages. Under

such conditions, the visible, boat-induced resuspension of accumulated sediments in

the shallow water of sidewaters, occasionally produced very high TSS loadings,

comparable to or higher than those found in the adjacent channel (>200 mgl-1 at OX 5,

8, SoA 4, 7, 9).

Phytoplankton is a potentially important additional source of turbidity in canals.

The rapid clearing of turbidity in small patches of water inadvertently isolated from the

main channel during bank protection works, testifies to the predominantly inorganic

nature of the turbidity in heavily trafficked canals. However, some studies of riverine

backwaters have reported substantially increased phytoplankton loading compared to

the main channel (eg. NERC, 1990). In these situations backwaters increase water

retention and are effectively exaggerated flow dead-zones. The role of phytoplankton in

maintaining turbidity in sidewaters at high traffic densities can only be speculated upon.

It certainly seems likely to be increased relative to the channel and was undoubtedly a

factor in maintaining high turbidity in several sidewaters on the Stratford-upon-Avon

Canal at the time of sampling when there was a visible bloom of blue-greens.

However, in view of the generally low energy environment of canals, the marked

dichotomies that have been observed between river channel and backwater seem less

likely to exist.
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4.3.1.2 Boat wash

Frequent boat- or wind-induced wave exposure is a major limiting factor on

littoral emergent vegetation where it restricts plants to wave buffered areas or to water

depths below which wave energy is substantially reduced (Keddy, 1983; Coops et al.,

1991). The controlling effects of wave action have been widely demonstrated using

wooden exclosures, in which release of vegetation from wave stress is frequently

accompanied by rapid expansion of plants into deeper water (eg. Bonham, 1980; Foote

& Kadlec, 1988). Increased standing crops of emergent vegetation in some sidewaters

might be related to reduced exposure to boat wash, but since sidewaters are also

generally shallower than the main channel the influence of water depth and wave

exposure cannot be separated. In many cases reedswamp appears to extend no deeper

in sidewaters than recorded in the main channel. In some large wide sites (eg. TM6;

TM18; LEEK 2) the wave energy resulting from increased fetch may be instrumental in

restricting the development of emergent vegetation to the very shallowest marginal areas

(PLATE 3.2).

The universal absence of MHY from stepwise regression functions used to

explain the differences betwen sidewater and mainline vegetation also suggests that if

MEW is an appropriate measure of traffic disturbance then observed differences in the

abundance of emergent vegetation are unlikely to be the result of a hydraulic refuge for

aquatic vegetation in sidewaters. In calcuating MHY for sidewaters it is assumed (i)

that the dispensation of energy from boat movement is symmetrical, as on the mainline

and (ii) that the total input of energy is unchanged relative to a typical section of

mainline canal. The first assumption is unrealistic, since a boat is briefly operating in a

less confined channel, to one side of which the increased width permits greater wave

fetch. Compared to a simple main channel, where reflection of boat wave energy and

destructive interference effects produce complex multidirectional wave patterns (pers.

obs.), the dissipation of wave energy entering a sidewater is likely to be relatively

uniform over a gradient of decreasing water depth. Wave energy conveyed to a

sidewater may also be supplemented by energy reflected from the nearside bank of the

main channel, which would normally be dissipated through scouring of the bed in

successive back-and-forth reflective water movements in a confined width, or until the

wave form is subdued by destructive interference. In relation to the second assumption

it is possible that the input of energy will decrease since the increased cross-sectional

area implies a reduction in the energy which is required to overcome the blockage factor

and thereby propel a boat at a constant speed. Alternatively the energy supplied for

propulsion may remain unchanged, thus leading temporarily to an increase in velocity,

and hence greater disturbance, as a boat passes a sidewater. Many sidewaters are

located close to navigation obstacles such as bridges and locks. Since boats usually
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slow down when negotiating bridge narrowings or on the approach to locks, traffic

effects might be relaxed due to the reduction in wave energy. However, the position of

sidewaters relative to channel obstructions was never a significant variable in multiple

regression or CCA.

4.3.1.3 Frequency of site usage for manoeuvreing

The action of a boat manoeuvreing in a sidewater is potentially extremely

disruptive (PLATE 3.3) especially when undertaken by an unskilled boat handler.

Frequent engine revving and reversing are likely to lead to propellor churning of deep

flocculant sediments which have a low sheer stress and are consequently prone to

entrainment into the water column. The significance of this to plants in terms of its

effects on the light climate seems likely to be small however, since frequent usage of

sidewaters is generally associated with sites where background turbidities are already

limiting. Casual observations also indicated that resettlement of suspended material was

relatively rapid, implying that resuspension affected mostly coarser particles. Sediment

StRYDWiSaiii>11 may peent prDpagule establishment and long boats, requiring the full

width of the site in which to turn, may cause physical damage to fringing vegetation.

Lighter use by boats of sites with established aquatic vegetation probably has effects

analagous to those which take place at very light mainline traffic densities and was

observed to result in mechanical damage, shredding and uprooting, especially of

floating-leaved rooted species such as Potamogeton natans which became entangled

around the propellor shaft.

High levels of boat use were associated with a marked reduction in both the

diversity and standing crop of aquatic and emergent vegetation (Figure 3.16), but it is

dificult to partition these effects from those of mainline traffic densities, since

sidewaters subject to heavy use (several times daily) were, as a rule, found on heavily

trafficked canals. Occasional use of sidewaters for manoeuvreing was associated with

marked biomass reductions compared to undisturbed sites but species richness,

especially of emergent vegetation, was relatively unaffected. This suggests that

occasional use of a site for navigation purposes is not incompatible with its functioning

as a refuge area, provided the site is large enough for some parts to remain undisturbed

(PLATE 3.4).

4.3.2 Water depth. siltation and the sedimentary environment

The presence of large stands of emergent vegetation, notably monodominant

stands of species such as Glyceria maxima or Typha latifolia, attests to the extent of

shallow water habitats in sidewaters, although it will be noted below that coverage by

Glyceria maxima does not always indicate shallow water; deeper water is sometimes
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PLATE 3.4

Short vertical-sided basin with very light use by boats as a long-term private
mooring (W&EC1). Note localised emergent vegetation (Glyceria maxima
and Sparganium erectum) at the apex of the site (foreground). Characteristic
'deep' water aquatic flora dominated by Sagittaria sagittifolia, Butomus
umbellatus, Potamogeton natans and Potamogeton lucens.

PLATE 3.5

Soft silt exposed by temporary low water in a large wide (L&L19). Substrate
stability and anoxia may be important controlling factors on the expansion of
the emergent vegetation since water depths (±0.6m) over much of the
exposed area are within the range of depths to which Glyceria maxima and
Typha latifolia can colonise, while mainline traffic densities (1500my) are
too small to be restrictive.
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Figure 3.16. Changes in species richness and biomass of sidewater
vegetation with increasing use of sites for boat manoeuvreing
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Figure 3.17. Relationship between average depth of water in
sidewaters and emergent plant cover

The equation for a linear regression is shown but inspection of the
distribution of points coupled with the expected biological response
suggests that this relationship is probably better described by a
curvilinear function (drawn by eye). This relationship could be
statistically defined using maximum-likelihood modelling.



colonised by floating mats. Average depth was the most important predictor of

emergent plant cover in sidewaters (Figure 3.17) and after bank profile, the most

important factor in predicting emergent plant biomass. The disposition of cover values

in this figure suggests that the relationship between cover and water depth in sidewaters

is probably best described by a curvilinear function in which high emergent plant cover

persists up to water depths of about 0.4m and declines rapidly above depths of c.0.7m

Differences in average depth accounted for most of the differences in emergent plant

cover between sidewater and main-channel sites and thus appear to underly the most

visually striking difference between the vegetation of the two types of site. Sidewaters

are a net sink for sediment due to the reduction in turbulence and flow which allows

settlement of fine material previously held in suspension and its accumulation as bed

material (PLATE 3.5). This process seems most likely to be responsible for the

shallowness of sidewaters, although emergent vegetation, once established, may

accelerate rates of siltation by acting as a silt trap (Buttery et al., 1965).

Increased cover of monodominant plant stands, as observed in sidewaters, is

normally associated with reduced species density due to competitive exclusion (Grime,

1978). Studies of fen vegetation by Wheeler & Giller (1982) and Wheeler & Shaw

(1991) have confirmed this relationship and included several phytosociological groups

common to canal sidewaters. Despite a shift towards reedswamp dominance in

sidewaters, a number of low growing herbaceous species were encountered

significantly more frequently and at greater abundance than in the main-channel and

probably gave rise to the higher overall density of fringing species in sidewaters. These

species were usually restricted to marsh edge habitats and most commonly included

Mentha aquatica, Lycopus europaeus, Rorippa nasturtium-aquaticum and Veronica

beccabunga. Since shallow water habitats are generally more extensive in soft-banked

sidewaters, due to a gently shelving shoreline, an increased diversity of marsh species

might be interpreted simply as a species-area effect. Initial recruitment of most wetland

plants takes place on substrates which are not completely inundated (van der Valk,

1981), so sidewater margins may also afford improved germination opportunities.

Regeneration of many wetland plants also occurs primarily via a peristent dormant

buried seed bank (van der Valk & Davis, 1976; van der Valk. 1981). A final possibility

therefore, is that sidewaters, possibly by virtue of their siltation characteristics,

accumulate a more diverse seed bank of wetland species.

High rates of sedimentation are a characteristic feature of riverine backwater

habitats and on the Upper Mississippi River, where this phenomena has been most

widely explored, have caused a loss of volume in navigation pools and an

accompanying encroachment of floodplain vegetation (Eckblad et al., 1977; Chen &
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Simons, 1986). This has reduced the range of rooting depths available for plants,

therefore causing habitat simplification and expansion of emergent vegetation at the

expense of submerged plant beds (Peck & Smart, 1986; Bhomik & Adams, 1989).

This has not prevented backwaters from remaining the most floristically diverse and

productive habitat on the river (Peck & Striart, 1986). These authors also identified a

correlation between commercial navigation and siltation rates in backwaters stating that:

"barge traffic resuspends and transports sediment into backwaters
when water flow is lowest and backwater deposition rates and
trapping efficiencies are highest. Resulting conditions adversely
impact submergent macrophytes, but favour emergent vegetation."

and considered that an increase in navigation on the river would decrease the life span

of backwaters by as much as 25%. In the present study it was not possible to establish

a direct correlation between traffic density and average depth of sidewaters, but boat

usage and dredging of sites along high traffic canals may well conceal an underlying

trend towards accelerated siltation of sidewaters on these canals. Boat passages also

probably exert a more immediate effect on sidewaters in the confined environment of

canals and may therefore increase the minimum water depth required for an equilibrium

between sediment erosion and aeretion (see Bhomik & Adams, 1986).

The biomass of submerged and floating-leaved vegetation declines at a faster rate

in both sidewater and main-channel with increasing traffic density than does emergent

vegetation (Figure 3.6). In sidewaters, however, there is a suggestion that submerged

vegetation declines faster than in the main-channel, while the reduction of emergent

plant cover is more strongly buffered in sidewaters. These differences appear to parallel

one another, but the fact that submerged plant biomass retains this pattern of reduction

even after adjustment to colonisable open water areas suggests that the decline in

submerged plant biomass cannot be equated simply with the expansion of reedswamp.

Since the colonisable volume is reduced by siltation, a reduction in the height of plant

stands with declining depth is the most straightforward explanation for declining

standing crop of submerged species relative to emergent vegetation. However, in many

small, comparatively undisturbed sites, where turbidity was sufficiently low not to be

limiting (TSS<c.18mg1-1<c.7 NTU), submerged plants were still poorly represented.

Likewise, emergent vegetation was restricted in some sidewaters to rooting depths

below that to which it colonises in the main channel (PLATE 3.5). Substrate conditions

may themselves, therefore be directly important.



4.3.3 Substrate conditions

In any waterbody, substrate conditions are a major influence on macrophyte

distribution. In the Mississippi River for example, Peck & Smart (1986) considered

that substrate type, along with current and water depth were the primary determinants

of the distribution of rooted aquatic macrophytes in backwater habitats. Sidewater

sediments are characteristically deep, fine-grained, moderately to extremely organic

rich, oxygen deficient and have a high water content and low density. This group of

sediment characteristics are typically highly interrelated and common to low energy

depositional environments (Gosselink & Turner, 1978), as well as being associated

with high nutrient availability (Barko a al., 1991), and are known to have detrimental

effects on plant growth, for example by the accumulation of phytotoxic sulphide

compounds and aggravated oxygen deficiency in root tissue (see Crawford, 1982). In

canals, these sediment properties appear to be a proliferation of a general tendency for

decreasing grain size and increasing organic matter moving across the channel into

hydraulically buffered areas characterised by increased emergent vegetation cover

(Willby, 1989, Staples, 1992). These properties also increase the potential for

resuspension or lateral shifting of the substrate by the action of boat-induced waves

(see 4.3.1.2).

Due to the highly interactive nature of substrate properties (eg. Lillie & Barko,

1990) it is very difficult without controlled experiments to isolate those factors which

have the greatest direct bearing on plant growth, although the quantity of organic matter

in sediment is often regarded as a controlling factor. Macan (1977) for example

remarked that "a soil which, though illuminated, watered and stable, is devoid of

vegetation is a peculiar but often characteristic feature of freshwater situations" and

postulated that this phenomena was the result of a build up of decaying macrophyte

litter in the sediment. Unfortunately organic matter concentrations could not be

measured during the present study, but it was clear from measurements of dissolved

oxygen saturation and general substrate consistency, coupled with visual observations,

that sidewaters are a major sink for organic matter as has been quantified for riverine

backwaters (Hornbach a al., 1991) and dead-end junctions in tidal canal estates

(Coser, 1989). While the effects of organic matter additions on submerged plant

growth have been widely studied (eg. Barko & Smart, 1983; 1986) conflicting results

have been obtained and are also not always consistent with field observations which

suggest that submerged macrophytes can tolerate quite high concentrations of organic

matter (eg. Sharp & Keddy, 1985; Lauridsen et al., 1993). Hence the direct effects of

organic matter content on the growth of submerged macrophytes remain largely

unresolved. The composition of the organic matter pool may, however, be more
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critical; non-labile terrestrial leaf litter which undergoes slow mineralisation has no

enhancing effect on macrophyte growth (Hill & Webster, 1982) while rapidly

mineralised macrophyte material which is rich in nitrogen and phosphorous, stimulates

growth (eg. Nichols & Shaw, 1986). Potarnogeton natans was recorded at several

sites in this study (eg. IAL 2; L&L 9) growing on sediment with a 20cm deep solid

overlayer comprised entirely of decaying leaf fragments and stems.

Conditions symptomatic of extreme anoxia and therefore low redox potentials

(eg. blackening of sediments almost up to the sediment water-interface by reduced iron

compounds, plus copious production of hydrogen sulphide) were frequently observed

in sidewaters, especially those with a high input of tree leaf litter (eg. M&B5, S&W5,

SoA2, TM 12), but also occurred where there was a high autochthonous input of litter

either derived from emergent plants growing in situ or via material imported from the

main-channel (eg. SUC11, S&W8) This type of substrate environment may be

expected to have a strongly antagonistic effect on submerged plant growth, although

shading effects might also have been implicated in the exclusion of aquatic vegetation

from sites receiving large quantities of tree leaf litter. However, since some deeply

shaded sites which had been recently dredged or had a minimal depth of sediment also

contained submerged plants, albeit at low densities, it is clear that light-related factors

alone cannot explain the absence of submerged vegetation.

It is also probable that conditions of substrate anoxia induced by organic matter

accumulations and low rates of water exchange have a suppressive effect on emergent

vegetation. Accumulations of the compounds of divalent forms of iron and manganese

for example, in waterlogged soils, have been shown to cause injury to roots (Jones &

Etherington, 1979; Waldren et al., 1987). Anaerobic metabolism in root tissue

inadequately supplied with oxygen via aerial plant parts is also energetically costly and

may result in accumulation of phytotoxic metabolites, the effects of which may be

manifested as a reduction in growth rate (see review by Jackson & Drew, 1984). Harris

(1988) for example, noted that the removal of anoxic sediment from a section of the

Montgomery Canal by skim dredging, facilitated a rapid succession to Glyceria maxima

reedswamp. A second example concerns the study by Weisner (1987) on growth of

Phragmites australis in Lake Krankesjon, a eutrophic Swedish lake. Here the rate of

expansion of the Phragmites belt into deeper water was significantly faster at wave

exposed compared to sheltered sites, the inverse of the pattern normally observed in

oligotrophic lakes (eg. Keddy, 1982). This was attributed to reduced belowground

production and a superficial distribution of rhizome biomass at the sheltered site in

response to substrate oxygen deficiency caused by high rates of organic matter

accumulation (42-68% compared to 0-28% at the exposed site), although high nitrogen
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availability at the sheltered site due to mineralization of organic matter may also have

been a contributory factor (Weisner, 1987).

A comparison of standing crops of two Sagittaria species in open water areas and

backwater habitats of the Mississippi River by Clark & Clay (1985) is of particular

interest since, in the present study, two species, Alisma lanceolatum and Sparganium

emersum which are commonly associated with Sagittaria sagittifolia, were found more

frequently and at higher average biomass in the main-channel than in sidewaters.

Sagittaria itself was also found more widely and at greater abundance in main-channel

habitats, but in this case these differences were non-significant. Clark & Clay (1985)

found that in both species they studied standing crops of above and below ground

biomass were lower in the more sheltered shallower backwater areas, where the

substrate was characterised by clay-rich silt and were higher in the sandy, open water

habitats which were exposed to waves, current and wind. A certain amount of biomass

reduction in shallow water habitats ought to be expected, since less supportive tissue is

required to raise emergent leaves above the water, but conversely in the more exposed

areas production losses due to disturbance are more likely. Furthermore, stem density

and flower production in S. latifolia was also reduced in backwater areas giving clear

indications of more stressful environmental conditions in the backwater. Hroudova

(1980) also found that the reproductive capacity of S. sagittifolia was reduced with a

decline in water depth. Clark & Clay suggested that reduced root aeration, caused by a

reduction in pore size in the finer sediment, may have depressed growth of Sagittaria in

backwaters. Since accumulation of organic matter in backwaters on this river has also

been demonstrated (Hornbach et al., 1991), an alternative or complementary

mechanism similar to that offered for Phragmites by Weisner (1987) may also apply. In

canals, Sagittaria is most commonly associated with deep marginal areas adjacent to

hard steep banks and extensive monodominant stands may be found under these

conditions at several places along the Leeds-Liverpool Canal (eg. Parbold-Gathurst and

Leeds) and in the West Midland Canals (eg. Cannock Extension Arm). Both

Sparganium emersum and Alisma lanceolatum occur under similar conditions and are

common for example in the West Midlands canals and the Ashton Canal, Manchester.

Siltation, allied to a stressful sediment environment, is presumably responsible for the

reduced abundance of these species in sidewaters.

Ultimately therefore, high rates of organic matter accumulation and reduced

sediment aeration may be the proximate cause of reductions in the biomass of some

aquatic species in areas subject to high rates of siltation such as canal sidewaters. In the

case of fringing species, it would be interesting to determine maximum rooting depths

in sidewaters (expressed as a % of the maximum potential rooting depth) and to
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compare these with equivalent values for the main-channel. The current evidence

suggests that some emergent species may, despite limitations imposed by traffic, extend

to greater relative depths in the channel than in adjacent sidewaters where their rate of

expansion seems likely to be constrained by the substrate conditions (PLATE 3.5).

Sediment density or softness is usually intimately related to organic matter content

(Barko & Smart, 1986) but there is increasing evidence that density per se may directly

influence the distribution and composition of macrophytes, through its affect on plant

growth (Spencer, 1990). High sediment density is generally associated with relatively

coarse-grained, organically impoverished, compacted sediments of low penetrability

and water content (Lillie & Barko, 1990; Willby, 1989). These often occur in eroding

environments such as wave-exposed lakeshores (Keddy, 1982), while low sediment

densities usually overlap with fine-grained soft, organic-rich, flocculant substrates such

as occur in sheltered lake bays (eg. Weisner, 1987; Lauridsen et al., 1993), riverine

backwaters (Clark & Clay, 1985) and canal sidewaters.

While high sediment densities have been reported to inhibit macrophyte growth,

presumably by restricting root penetration or nutrient availability (eg. Barko & Smart,

1986; Lauridsen et al., 1993), there is little information on limiting effects of low

sediment densities, even though a critical level for stable rooting and support seems

likely. Barko & Smart (1986) for example, reported reduced macrophyte growth in

organic-rich sediments with density below 0.2gm1- 1 . Nuphar lutea would seem to be a

species well adapted for growing in the soft, flocculent, organic-rich sediments of

sidewaters, due to its massive ramifying rhizome mat which exposes a large surface

area of underground tissue, anchored by adventitious roots. It can thus achieve stability

of above-ground tissue even with an unstable substrate environment. Nuphar is

characteristically one of the last surviving macrophytes in eutrophic lakes with soft

fertile sediments, yet in this study was abundant (>10% cover) only in three sidewater

sites (GUL2; K&A5; LAN10) and in general was encountered more frequently in main-

channel habitats. Weisner (1987) also speculated that expansion of Phragmites

australis in Lake Krankesjon from sheltered bays into deeper water may have been

restricted by loose substrate with a high water content (80% water), which gave

inadequate anchorage for the low superficial belowground biomass. In subsequent

studies based on a larger sample of lakes (Weisner, 1991) he used a penetrometer to

gauge substrate softness at the edge of stands of Typha angustifolia, Typha latifolia,

Acorus calamus, Equisetum fluviatile and Spa rganium erectum, in addition to

Phragmites, and found that softness was generally a better predictor of the depth to

which these species colonised than either organic matter content or wave exposure.
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Mechanical properties therefore do appear to regulate the anchoring abilities of emergent

plants and consequently their ability to extend into deeper water.

Water content in excess of 70% is common in sediments from the offside margin

of canals (Willby; unpublished) and may be expected to be even higher in some

sidewaters, so a similar restriction on rooting and stand formation may apply. The

generally stressful but predictable qualities of sidewater sediments suggest that a

species which is well adapted to growing in fine, soft, unstable, organic rich and

oxygen deficient sediments ought therefore to be widely distributed in this habitat.

Glyceria maxima occurred at 50.7% of the sites visited and accounted for 53.2% of the

estimated total biomass of vegetation in all sidewaters. By way of comparison,

Sparganium erection, the next most widespread species, occurred in 5.5% of all sites

and represented 8.6% of the total biomass. Hence Glyceria maxima was by far the most

prolific component of sidewater vegetation, often forming extensive monodominant

stands, extending via thick floating rafts. This growth habit in relation to the substrate

characteristics of sidewaters is consistent with the observations of Lambert (1947),

who, in the Biological Flora of Glyceria maxima states the following:

"Typical erect stands occur on firm substrates, but in open-water areas
with a loose basal ooze, natural buoyancy of the plant is too great for
anchorage afforded, so that part or whole of (the) Glycerietum forms a
floating raft, with the vegetative stems showing marked tendency to
overbalance and become prostrate at (an) early stage of growth as a
concomitant of lack of basal support; such prostration aids in general
bouyancy and stability of raft, and production of tillers along prostrated
stems aids in vegetative growth. Glyceria is better adapted
morphologically than many of its competitors to the formation of floating
rafts when substrate conditions necessitate it; hence it is able to exist under
habitat conditions mechanically unsuitable for other superficially rooted
reedswamp dominants with otherwise similar ecological requirements, but
with a more rigid growth habit".

This growth form confers an ability to grow and expand, semi-independently of

the underlying substrate and offers a clear basis for interpreting the overriding

dominance of sidewater vegetation by Glyceria maxima. Moreover, since the shoots of

floating plants are winter green (Lambert, 1947), they can pre-empt the onset of spring

growth of other emergent species and may in this way ensure sufficient growth of

plants at the margins of the mat to resist competitive displacement (Buttery & Lambert,

1965). While other tall emergent species, especially Typha spp, commonly also form

floating rafts, as they do extensively in some of the Cheshire Meres for example, this

was observed at only a single canal site (CN4), where Typha latifolia formed part of a

large sud (0.12ha) with Glyceria maxima (PLATE 3.1). All other Typha stands were

recorded growing in shallow water, rooted into relatively stable accreting sediments.
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4.3.4 Bank profile

Habitat evaluation systems frequently stress the importance of bank slope and

rank shallow gently sloping banks more highly than steep slopes. For example, in the

NCC draft methodology for surveys of wildlife in river corridors (NCC, 1985), bank

slopes of less than 300 are given a score of five times the value of that for slopes in the

range 30-60°. Learner et aL (1990) undertook an assessment of the value of bank slope

in conservation evaluation and concluded however, that it was a poor predictor of

conservation status. They noted that plant species richness was positively correlated

with the width and height of the bank in the manner of a standard species-area

response, but that taxonomic density was actually positively correlated with bank slope

such that there were more species per unit area on steep, narrow banks as opposed to

gently sloping, wide banks. This effect was attributed to hydroseral compression on

narrow banks. In their study however, livestock grazing pressure, which the authors

considered to be the overriding influence on the species richness and relative abundance

of vegetation, was not sufficiently controlled for firm conclusions to be drawn. Bearing

this in mind, in the present study all sites which had been subject to grazing were

excluded from the analysis of the effects of bank profile.

Bank type, as measured by the ratio of hard vertical bank to soft unengineered

bank, was found to have a profound effect on species density and vegetation

composition, which was similar in both sidewaters and main-channel lengths. This

typically involved a direct reduction in the biomass, cover and species richness of

emergent vegetation with increasing bank hardness and a corresponding increase in the

standing crop and species richness of aquatic vegetation. This is illustrated in Figure

3.18 by taking two extremes of bank profile, viz, a completely hardened vertical bank

and a soft, shelving bank.

At its most basic level the effect of bank hardness on emergent vegetation can be

interpreted simply as the presence of a bank profile which becomes increasingly

unfavourable to the establishment of emergent species as the proportion of hard bank

increases. This effect appears to depend not so much on the artificiality of the bank as

on the absence of a transitional zone between terrestrial and aquatic habitats, due to the

vertical abutment creating a large depth of water at the channel edge. Soft vertical banks

display the same vegetation characteristics, but in this unprotected state are usually

subject to extreme erosion and are therefore either revetted and stabilised vegetatively or

clad with sheet steel or concrete. Hence at any given traffic density there is a greater

biomass and species richness of emergent vegetation associated with the soft sloping

bank than with the hard vertical bank (PLATE 3.6 and PLATE 3.7).
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PLATE 3.6

Deep steep-sided canal arm (ST1) with extensive submerged aquatic
vegetation (mainly Elodea nuttallii, Ceratophyllum demersum and
Callitriche stagnalis) and typical deep water emergent species (Sagittaria
sagittifolia and Butomus umbellatus). Note sparse fringing emergent
vegetation confined to area of collapsed bank (bottom left).

PLATE 3.7

Typical length of Remainder canal with soft banks showing extensive
colonisation by Glyceria maxima and dense growth of Potamogeton natans in
adjacent shallow water. (Union Canal, nr. Polmont).





Figure 3.18a. Relationship between vegetation biomass, bank
profile and the effects of increasing traffic density
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Figure 3.18b. Relationship between vegetation species richness,
bank profile and the effects of increasing traffic density
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The original construction of brick or stone-faced channels, basins or side arms

was intended to provide a firm durable bank with sufficient navigable depth at the

margins for fully-laden boats to moor and unload and was therefore common practice in

urban areas, at wharfs and around locks and bridges. Subsequent siltation has often

reduced this depth, but stone-sided channels typically remain 0.8-1.0m deep at the

edge, thereby corresponding to the depth range at which emergent plant biomass

appears to be sharply reduced (Figure 3.17). Widespread use of concrete or sheet steel

piling on canals over the last 20 years has greatly extended the length of vertical faced

channel. Although the primary objective in this instance has been the protection of soft

eroding banks at high traffic densities, rather than the provision of navigable depths at

channel margins, for engineering reasons the installation of piling is usually

accompanied by redredging of the channel margin and therefore also results in an

increase in depth at the channel edge and with it an increase in average depth across the

channel. The close correlation between bank type and average depth and the association

of vertical-sided channels with urban and suburban areas is evident in Figures 3.4 and

3.5.

Bank type consequently appears to provide a surrogate measure for marginal

depth. The strong correlation between average depth and emergent plant cover suggests

that this is likely to be a critical factor in the establishment of emergent vegetation. This

is also evident from the ability to successfully grow emergent plants at the foot of steel

sided banks, from which they are normally absent, by rooting them in gabion baskets

which simulates a raising of the bed by infilling. Conversely, in some disused vertical-

sided canals such as the Manchester, Bolton & Bury, Rochdale and Huddersfield

Narrow Canals, normal water depths maintain effective exclusion of emergent

vegetation but a fall in water level, due to a channel breach or suspension of water

supplies, which exposes shallow marginal shelf areas is accompanied by the rapid

encroachment of stand-forming emergent species across the channel (pers. obs.).

The extent to which shallow-water marginal areas are colonised by emergent

vegetation will determine the availability of habitats for aquatic species. Thus in a

lightly or unboated steep-sided channel, the biomass and species richness of the aquatic

vegetation is greater than in a channel with gently shelving banks where the margins are

fully occupied by stands of emergent vegetation (PLATE 3.6 and PLATE 3.7) See

figure 3.18a and b. The former conditions often coincide in urban areas, where original

heavy use and demand for regular mooring facilities and wharfage required a deep,

hard-banked channel, but contemporary problems of litter, vandalism and the lack of

secure overnight moorings now keep traffic levels low. Consequently in some of the
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least expected and not always most scenic locations, such as the Ashton and Upper

Peak Forest Canals, Rochdale Canal, urban parts of the Leeds & Liverpool Canal, the

Wyrley & Essington Canal system in the West Midlands and the city length of the

Coventry Canal, outstandingly diverse aquatic plant communities of national

conservation significance may be found. Species present often occur in large beds and

may include Luronium natans, together with uncommon Potamogeton species such as

P.alpinus, P.compressus and P.trichoides (Willby & Eaton, 1993) (PLATE 3.8).

Several emergent species including Alisma lanceolatum, Butomus umbellatus and

Sagittaria sagittifolia are also traditionally associated with this type of habitat (PLATE

3.9). These species have a heterophyllous growth form which permits colonisation of

deeper water habitats prior to aerial flowering and the production of emergent tissue.

These plant communities are often associated with traffic densities so low that hard

banks appear likely to be an important additional stabilising influence on the plant

community. This is reflected by the rapidity with which tall emergent vegetation will

colonise marginal locations where bank collapse has provided a favourable profile for

establishment (PLATE 3.6).

The biomass of all components of canal vegetation show a general decline with

increasing traffic density, while there is a progressive reduction in species richness

beyond light traffic densities (Pygott, 1987). Figures 3.18a and b suggest that the

nature of the relationship between species richness, biomass and traffic density is

strongly conditioned by the characteristics of the bank. This seems likely to depend on

the reflective nature of a hard vertical bank which channels boat wave energy into

scouring of the bed at the toe of the bank, possibly causing uprooting of plants, while a

more absorptive soft bank reduces the return of energy to the channel due to the

frictional and hydraulic resistance of shallow, silty, vegetated margins. As well as

purely mechanical effects, reflection and particle sorting is likely to influence substrate

composition and stability, and hence its suitability as a rooting medium for plants (see

Keddy, 1982). Interestingly however, there is no evidence that turbidity or suspended

solids loading differs significantly between canals which carry high traffic densities and

have contrasting bank profiles. (ANOVA of in-transformed data excluding sites with

traffic densities below 1000my: NTU; F=0.528; P=0.591; TSS; F=0.02; P4.982).

This supports the view that bank-specific traffic effects on plants operate by a primarily

mechanical process.

Emergent plant species richness is sustained on soft banks, even at high densities,

while it decreases on hard banks. This is presumably due to the scouring away of

localised shallow areas, which permit limited reed growth adjacent to hard banks at

very low traffic densities or the effects of reflective mechanical stress on open water
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emergent species such as Alisma lanceolatum, Butomus umbellatus and Sagittaria

sagittifolia which are capable of rooting in deeper water. On soft banks this

relationship probably conceals a turnover of species related to the loss of reeds and

intrastand species with increasing traffic density and their replacement by patches of

low growing herbaceous species, such as Myosotis scorpioides and Apium

nod iflorum. This effect and its mode of action is analagous to the effects of livestock

grazing and trampling discussed in 4.3.5 and is consistent with the trend of sustained

species richness during falling biomass indicated by Figure 3.18b. In the main channel,

emergent plant biomass however, declines at a similar rate on both bank profiles,

maintaining a constant positive difference between the biomass associated with soft and

hard banks. This suggests that the traffic-dependent effects of bank reflectiveness on

the emergent flora are confined to species richness and that the reduction in biomass is a

basic response to increasing one-way wave energy stress and is not compounded by

differences in the energy reflectiveness of hard and soft banks. In sidewaters however,

while emergent plant biomass declines in hard-banked sites at a similar rate to that on

the mainline, high levels are maintained in soft banked sites. This is presumably an

indication of the continuing ability of soft-banked sites attached to heavily trafficked

canals to provide a favourable environment for emergent species due to high rates of

siltation and buffering of boat wash effects.

Aquatic plant biomass and species density declines faster in hard-banked canals

than in those with a soft shelving margin. In the main-channel this translates to high

aquatic plant species richness in hard-banked channels carrying up to c.1000

movements per year, but significantly higher species richness in soft banked canals at

higher traffic densities. This is consistent with observations of sustained high aquatic

plant species richness at above average critical traffic densities in several soft-banked

canals including the Ashby Canal (SSSI), Leicester Section of the Grand Union Canal

(SSSI), Market Harborough Arm and the Lancaster Canal. Conversely, the diverse

aquatic plant communities found at low traffic densities in steep-sided channels may be

less tolerant of increased traffic density. In terms of plant biomass, hard-banked

channels maintain higher densities up to about 3000my but due to a faster rate of

decline are typically devoid of macrophytes by 10000my. Soft-banked sites may retain

a peripheral aquatic vegetation (usually comprised only of Potamogeton pectinatus and

Cladophora) at up to 15000my although above about 6000my the quantities of

vegetation surviving in either type of channel must effectively be irrelevant in terms of

their habitat support functions.

Aquatic plant biomass follows a similar pattern of decline in sidewaters, but the

rate is faster, and typically few sites have any aquatic vegetation at mainline traffic
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densities of 10000my. The decline in species richness in hard-banked sidewaters with

increasing traffic density parallels the rapid decline suggested by the mainline

relationship, but a dichotomy in species richness between hard- and soft-banked sites at

low traffic densities is less evident. The reasons for this are not obvious and cannot be

ascribed to an increased biomass of emergent vegetation in steep-sided sidewaters at

very low biomass densities Large dominant growths of aggressive elodeid species

such as Elodea nutallii or Ceratophyllum demersum or shading by an extensive surface

coverage of Potamogeton natans may however, be a contributory factor (PLATE 3.10).

In contrast to the pattern shown in main-channel sites, soft banked sites also exhibit a

rapid loss of species richness with increasing traffic density. This appears to be the

result of a sustained relatively high biomass of emergent vegetation in soft-banked

sidewaters with increasing traffic density, combined with high rates of siltation which

are inimical to the growth of macrophytes, but may in some cases, stimulate reed

swamp expansion and competitive exclusion mechanisms.

4.3.5 Effects of livestock

Livestock have direct, reversible and distinctive effects on the structure and

composition of riparian vegetation (see Figure 3.19). These typically comprise the

suppression of tall, stand-forming monospecific vegetation through a combination of

selective grazing and trampling, resulting in an increased cover of a high diversity of

herbaceous specks foDowing rekase from competitive dominance mechanisms

(PLATE 3.11). Fragmentation of emergent vegetation and subsequent bank erosion by

anglers around fishing pegs, as well as high boat traffic densities may also simulate

these effects on a more local scale (Murphy & Pearce, 1987; Parry, 1987).

This response is broadly consistent with the widely studied influence of cropping

by sheep or rabbits on the composition of well-drained calcareous grasslands (eg.

Wells, 1971). However, as is shown by the relative lack of effect of grazing by sheep

on species composition of canal margins (pers. obs.), selective defoliation of the

dominant, palatable, carbohydrate-rich component of the reed-fringe need not be the

proximate cause of changes in species composition and vegetation structure; in

waterlogged marginal soils which are prone to compaction and poaching by high point

loading (ie. hooves or feet), disturbance by trampling and physical destruction may be

instrumental in promoting species coexistence (see van der Maarel, 1971). This is also

apparent from experimental studies of mowing regimes. Gryseels (1989) for example

found that regular summer mowing of a Glyceria maxima stand promoted vegetative

expansion which was then followed by an increase in diversity due to the proliferation

of marsh species in canopy gaps. However, species such as Ranunculus sceleratus,

Rorippa islandica, Bidens tripartita, Alisma plantago-aquatica and Polygonum
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PLATE 3.10

Small steep sided turning bay (L&L2) illustrating extensive coverage of
Potamogeton natans and restricted development of emergent vegetation.
Canopy gaps occupied by dense beds of Elodea nuttallii and Lemna trisulca.

PLATE 3.11

Cattle grazed margin showing change in vegetation structure and species
composition (MACC6). Note gradation of defoliation of Glyceria maxima at
rear with complete elimination in foreground. Cattle poaching has created
shallow water areas for creeping aquatic species (Callitriche stagnalis and
Glyceria fluitans), while trampling and grazing has released marginal
species such as Mentha aquatica, Veronica beccabunga and Lycopus
europaeus from competitive dominance and provided a regeneration niche
for pioneer species such as Bidens cemua and B. tripartita.





25

A
1:1 MAINLINE

SIDE WATER

NONE	 LIGHT	 MODERATE

20-

2-'10 -

N=69 61
	

18	 11
	

8	 12

Figure 3.19. Effects of livestock on (A) species richness and (B) biomass of
emergent vegetation in soft-banked sidewater and main-channel sites

Intensity of grazing and trampling by livestock

t species density in mainline sections is the number of emergent species
recorded in a standard 150m section. Mean bank lengths for sidewater sites are
97.9±13.9, 90.3±23.2 and 92.5±21.4m for 'none', 'light' and 'moderate'
respectively and do not differ significantly between treatments (ANOVA of ln-
transformed data: F=0.035; P=0.966). No sections exceeded 150m. Visual
extrapolation of species-accumulation curves suggests that a mean bank length
of 90-100m will underestimate the number of species in a 150m section by
approximately 10%.

* biomass of 'tall-reed' species includes Acorus calamus, Carex acutifonnis, C
riparia, Glyceria maxima, Phalaris arundinacea, Phragmites Qum-rails,
Sparganium erctum and Typha latifolia.
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hydropiper, which are typical bare-ground, marsh pioneer species (Grime et al., 1988)

and are well represented in marshland seedbanks (ter Heerdt & Drost, 1994), failed to

establish. These species appear to require trampling coupled with cropping to provide a

suitable regeneration niche.

Some species commonly associated with grazed margins (Figures 3.8a and 3.9a)

possess characteristics which enable established plants to avoid or tolerate grazing and

or trampling. These include a prostrate or creeping growth form (eg. Juncus bufonius,

Ranunculus hederaceus, Lythrum portula and the terrestrial form of Juncus bulbosus),

an acrid taste (Polygonum hydropiper) or coarse impalatable foliage (eg. Juncus

inflexus) and rooting at nodes (eg. Veronica beccabunga, Apium nodiflorum and

Rorippa nasturtium aquaticum), which provides multiple growing points and a high

repairability. It is apparent from Figures 3.8b and 3.9b that livestock also exert some

influence on the composition of aquatic plant communities. This may attributed to the

creation of muddy shorelines grading into shallow water which provide ideal conditions

for Glyceria fluitans agg. and Callitriche stagnalis (PLATE 3.11). These species

emulate the prostrate growth form associated with the emergent flora of grazed channel

margins.

Trampling and poaching, as distinct from grazing, are indiscriminate, density-

independent disturbances however, which therefore also demand a rapid growth

response to capitalise on newly created gaps and adjust to local changes in vegetation

orientation. Species associated with grazed and trampled habitats therefore usually

display one or several of a collection of regenerative traits commonly associated with

ruderal or pioneer habitats, including high reproductive investment, rapid seed

germination, and high seedling growth rates (Grime, 1979; van der Valk, 1981;

Shipley et al., 1989) as exemplified by the annual species Bidens cemua, B. tripartita,

Ranunculus sceleratus, Impatiens capensis and Polygonum hydropiper. The ephemeral

habit of these species is also evident from their rapid cclonisation of ditches after

dredging (van Strien et al., 1991), drawdown zones (Kadlec, 1962) and freshly

deposited canal dredgings (pers. obs.). Despite considerable e ,,idence to suggest that

the established and juvenile phases of life-histories are divorced from one another (eg.

Shipley et al., 1989), the issue of trait coupling remains controversial.

Dominance in plant communities involves several mechanisms, which in wetland

biotopes are likely to depend upon shading and root occupancy. Light is attenuated

exponentially and modified in terms of spectral composition as it passes through a plant

canopy (Fitter & Hay, 1983). Buttery & Lambert (1965) showed that by July,

Glyceria maxima stands had attained sufficient density to reduce the light intensity at
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PLATE 3.12

Cattle grazed offside margin of the Rufford Branch of the Leeds-Liverpool
Canal at Rufford. July 1989. Note almost total exclusion of Glyceria maxima,
the natural dominant. Flora included Juncus inflexus, Veronica beccabunga,
Myosotis scorpioides, Apium nodiflo rum, Mentha aquatica, Bidens cernua,
Agrostis stolonifera, Glyceria fluitans and Senecio aquatica. Vegetation
shown from photographs to have been stable for at least 20 years.

PLATE 3.13

The same site in July 1990, just two months after the erection of cattle proof
fencing, showing rapid and extensive establishment of Glyceria maxima.
Remnants of the grazed marsh flora represented by Ranunculus repens, R.
sceleratu.s and Apium nodiflorum persist on the drier parts of the site in the
foreground.





their base to below the 10% threshold regarded by Blackman & Wilson (1951) as the

compensation point for herbaceous species. Glyceria maxima is also known to be a

prolific producer of litter and to have a large below-ground biomass of roots and

rhizomes (Westlake, 1966) which underly an ability for agressive vegetative spread and

effective resource capture (Grime eta!., 1988). A large buried persistent seed bank is a

common feature of wetland soils (van der Valk & Davis, 1976) but recruitment usually

depends on bursts of high intensity light of the appropriate red:far red spectral ratio

and/or a fluctuating temperature regime (Thompson et al., 1977; Grime, 1979). In the

presence of a tall, stand-forming competitive species, seed dormancy is enforced by a

combination of darkness and buffering of soil temperature fluctuations, due to canopy

shading and an insulating overlayer of persistent litter. Establishment of herbaceous

species within existing plant stands is consequently rare (Grime, 1979; van der Valk,

1981). By reducing the above-ground biomass of the dominant plant species (Figure

3.19; PLATE 3.12), grazing and trampling by cattle removes these dormancy barriers

and provides regenerative opportunities for herbaceous species residing in the seed

bank. Harvesting of Glyceria maxima by cutting has been shown to result in a

significant reduction in biomass of subterranean rhizomes (Sunblad, 1989); grazing

coupled with substrate compaction and crushing of rhizomes may therefore also be

expected to reduce competition for rooting space. Nevertheless, the response to

cessation of grazing is usually extremely rapid, with most species being eliminated by

competition with the recovering dominant within the first months of the growing season

(PLATE 3.13).

While it is visually apparent that livestock selectively reduce tall-growing reed

species, mainly Glyceria maxima, Figure 3.19 indicates that there is a high degree of

variability in this response, especially in sidewaters, and that the natural dominant

species is rarely eliminated altogether. By displaying data on a whole reed fringe basis

(the only form in which it is currently available), Figure 3.19 also obscures an

understanding of the distribution of livestock impacts. Thus heavy local reductions,

sometimes extending to complete elimination of Glyceria maxima, are usually confined

to the rear face of the reed fringe (PLATE 3.11) because the softness of the sediment

prevents cattle encroaching into deeper water. This creates a 'deep' water refuge for the

dominant plant which may accelerate re-establishment if grazing ceases. Soft

accumulated sediments in sidewaters may be especially effective in localising livestock

effects. Thus reductions in the biomass of the dominant species compared to ungrazed

margins averaged only 30% in sidewaters compared to 43% in the hydroserally

compressed main-channel, accessible to grazers over much more of their widths. It is

alsc evident from Figure 3.19 that the basic standing crop of dominant species in

ungrazed mainline sections was much lower than that found in sidewaters (164 ± 24
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and 316 ± 37gDWm-2 respectively). While the reduction in the biomass of dominant

vegetation is the basic mechanism leading to increased species richness, in main-

channel sections, livestock were probably therefore often influencing fringing

vegetation already impacted by traffic effects. In these instances their primary role may

have been to fragment patches of lower biomass density species such as Myosotis

scorpioides, Apium nodiflorum and Rorippa nasturtium-aquaticum, hence creating

regenerative niches for pioneer species.

Species richness was consistently greater in sidewaters than in sections of

mainline canal on both ungrazed and grazed banks (Figure 3.19) even without taking

into account the shorter length of bank sampled in sidewaters. Possible causes of this

are discussed in 4.3.2. The increment in species density with increasing livestock

trampling and grazing was however, very similar between sites, suggesting that a

common mechanism underlies these effects. Stepwise regression of the number of

marsh species against a range of environmental variables provides some evidence of a

traffic conditioned response to livestock effects in mainline sites which is absent from

the equivalent function for sidewaters (Tables 3.10 and 3.11). The possible reduction

in boat wash within a sidewater may therefore enable shallow rooting species to persist

at traffic densities where wash would remove them from mainline sections.

Intense trampling by cattle may lead to complete denudation of the vegetation

cover (PLATE 3.14) resulting in an unsightly bare, eroding shoreline which detracts

considerably from the overall landscape quality. Where compounded by angler damage

or high traffic densities, livestock activity may lead to unacceptable levels of bank

erosion, which necessitate expensive protective measures. Fenced cattle watering points

(PLATE 3.15) and formal hardened pitches for anglers localise and restrict damage at

an early stage and maintain the integrity of reed fringes as a natural defence against

bank erosion by boat-wash (Murphy & Pearce, 1987).

A number of uncommon species such as Oenanthe fistulosa are associated with

grazed margins where trampling is not too intense. In some situations, managed

grazing and access for watering may be acceptable as a means of promoting floristic

and habitat diversity at the rear edge of an intact reed-fringe while being compatible

with sustained bank protection.

4.3.6 Shading

Light is essential for photosynthesis. Riparian vegetation may therefore

significantly reduce the growth of aquatic and marginal vegetation through direct

shading and modification of the spectral composition of filtered light (Madsen &
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PLATE 3.14

Macclesfield Canal. July 1990. Stock damage to bank caused by excessive
trampling resulting in denudation of vegetation mat and subsequent erosion
of topsoil, compounded by erosion caused by frequent boat wash.

PLATE 3.15

Fenced cattle watering point for effective control of stock damage to
marginal vegetation.





Adams, 1989) and has been advocated as a biological control technique for the

management of aquatic vegetation in streams (Dawson & Kern-Hansen, 1979). Rapid

attenuation of light in water, especially in the presence of fine suspended solids, is

likely to result in greatest effects on submerged species.

The degree of shading was found to be a significant negative influence on the

biomass of submerged vegetation in sidewater and mainline sites, but did not contribute

to explanation of the variance in cover or biomass of floating-leaved vegetation (Tables

3.10 and 3.11). Sidewaters were generally more shaded than mainline sites, perhaps

reflecting the reduced management of woody vegetation around the banks of sidewaters

(Figure 3.3). Pairwise differences in shading intensity were the only factor which could

make a significant contribution to explaining the variance in the difference of

submerged standing crops between sidewater and mainline sites. In mainline sites, the

emergent plant cover and total standing crop were also reduced by shading, while in

sidewaters emergent plant biomass was negatively affected. On the Prees Branch of the

Shropshire Union Canal, Paskell (1979) observed alternating bands of Glyceria

maxima in areas of reduced shading which corresponded to gaps in the canopy of

fringing alder trees, Alnus glutinosa. Differences between sidewater and mainline sites

in terms of shade intensity were also able to explain a small amount of the variation in

pairwise differences in emergent biomass. While light reduction may remain the basis

for these effects, the substrate modifications due to increased leaf litter inputs may also

be involved (see 4.3.3). Shading had no discernible effects on species composition, as

assessed using CCA, but in stepwise regression was associated with a general

reduction in submerged plant species richness in sidewaters, presumably through the

exclusion of less widespread shade-sensitive species which were not considered in

CCA.

4.3.7 Effects of benthivorous fish

It is evident from observations made during the course of sampling, together with

the distribution of anglers and their opinions, that large benthivorous bream (Abram is

brama) and common carp (Cyprinus carpio) often frequent sidewaters in large

numbers. Indeed several sidewater sites (eg. MACC 3, LEEK 2) were used specifically

as carp or bream fisheries. These sites contained very sparse aquatic vegetation for their

degree of shelter, turbidity and traffic density (PLATE 16). Common carp perform well

in sluggish, highly turbid waters and are often stocked into heavily trafficked canals in

an attempt to improve the sport value of the fishery and to compensate for the poor

growth rate of roach (Pygott et al., 1990). It has long been known that these fish can

have a detrimental impact on the growth of submerged aquatic plants (Cahn, 1929),

with many subsequent reports highlighting the effectiveness of biomanipulation by fish
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removal as a means of restoring macrophyte dominance in lakes (eg. Wright & Phillips,

1992). Large carp and bream habitually feed by excavating pits in fine soft sediment

with their protrusible mouths as they search for chironomids and tubificids. At high

fish densities, this activity may increase turbidity in previously clear waters (Meijer et

al., 1990; Crowder & Painter, 1991), which, together with physical disturbance effects

in the form of direct destruction and uprooting of plants (Crivelli, 1983) and perhaps

burial or displacement of germinating propagules, may greatly reduce or eliminate

submerged vegetation (Wright & Phillips, 1992).

At high traffic densities, the significance of fish benthivory as an independent

generator of turbidity is uncertain. There is conflicting evidence in the literature

regarding the ability of carp to increase turbidity (see Crivelli, 1983; Meijer et al.,

1990). Uncontrolled variations in substrate consistency, fish density and morphomtery

of the water-body are probably important contributory factors, while carp and bream

naturally inhabit waters with high phytoplankton concentrations or inorganic TSS, so

verification of cause and effect are likely to prove problematical. A study of carp in

relation to the aquatic vegetation of billabong lakes on the Goulborn River, Australia,

by Fletcher eta!. (1985) provides a useful insight into the effects of these fish at high

natural background turbidities (c. 50 NTU), which are similar in value and origin (ie.

highly dispersed clays) to those found on heavily trafficked canals. While Fletcher et al.

found no correlation between densities of carp and turbidity, they offered circumstantial

evidence that Potamogeton spp had been reduced in abundance as a result of physical

uprooting and destruction associated with foraging activity. Evidently carp can

therefore affect aquatic vegetation independently of any effect on turbidity.

It is also unknown whether carp or bream reach sufficiently high densities in

canal sidewaters to produce effects on a scale similar to that observed elsewhere, so at

this stage possible effects on sidewater vegetation can only be speculated upon. A deep

silty bed (also prone to resuspension) ought to make sidewaters ideal feeding habitats in

their own right for large benthivorous fish, but high mainline traffic densities which

repeatedly interupt feeding and increase locomotion costs may also independently cause

these fish to concentrate in sheltered offline areas (see 4.5). Most reports of detectable

effects of carp on aquatic vegetation relate to fish densities in the order of 500kgha-I.

On the basis of an average fish weight of 2.5kg, at least ten averaged-sized fish would

need to be regularly present in a typically sized (500m- 2) sidewater to attain a critical

density and might then in theory be expected to exert a measurable effect on aquatic

vegetation. Since it was not uncommon to see 2-3 fish of this approximate size in

sidewaters on heavily trafficked canals, it would not be surprising to find that carp did

reach critical densities in some of these sites.
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PLATE 3.16

Large lagoon (LEEK2) heavily used by anglers and a renowned holding spot
for carp and bream. Despite a sheltered location and low mainline boat
traffic (2000my) this site contained virtually no aquatic vegetation. A
depauperate growth of Potamogeton natans in 1990 showed signs of heavy
grazing and was absent altogether in 1991.

PLATE 3.17

L&L20: Typical soft-banked sidewater on a heavily trafficked canal
(7000my) showing constrained marginal growth of Glyceria maxima due to
a combination of boat usage, wash, substrate effects and periodic
maintenance by dredging.

PLATE 3.18

Sidewater with relic dry Glyceria marsh colonised by willows (MACC 8).
Part of the Glyceria marsh has been excavated to restore the site for use by
boats.





Emergent vegetation appears to be resistant to the effects of carp feeding (Fletcher

et al., 1985) and any influence the fish have on sidewater vegetation is likely to be

confined to submerged species. In canals, Potamogeton pectinatus and P.crispus are

the only two species likely to be found in significant quantities at high turbidties.

Crivelli (1983) and Fletcher et al. (1985) recorded coexistence of these species with

high densities of carp, but at a reduced abundance attributable to uprooting and damage

caused by benthivory. Carp have also been shown to reduce macrophytes by direct

consumption (King & Hunt, 1967), although Crivelli (1983) and Fletcher et al. (1985)

considered the incidence of herbivory to be rare and confined to situations in which the

preferred invertebrate prey was absent. In view of the apparent scarcity of suitable

benthic invertebrate prey items in sidewaters during the summer (see 3.13), a switch to

macrophyte grazing, as observed with 2+ roach in mainline canals (see Chapter 5:C),

and in line with other studies of cyprinids (Prejs, 1978), would seem to be a strong

possibility.

In conclusion, disturbance caused by benthivorous fish is a potential cause of a

reduction or elimination of macrophytes from some canal sidewaters, but elucidation of

the scale or existence of any effect requires further study.

4.4 Vegetation structure and succession: observations and

hypotheses

An alternative to the relatively static view so far adopted is to regard sidewater

plant communities on a more dynamic basis, in terms of their position in a general

hydroseral succession, which can be accelerated, redirected, arrested, retarded or fine-

tuned by an interacting suite of natural and anthropc•genic factors. When viewed over

an extended time period (eg. Twigg, 1959), canal plant communities appear to conform

to classical Clementsian succession theory (Clements, 1916; Odum, 1970), but over a

shorter time scale, a more complex picture of change emerges in which the succession

proceedes imperceptibly slowly for long periods, interspersed by short sessions of

rapid change (Paskell, 1984; Harris, 1988). Sidewaters appear subject to a wide range

of environmental influences which are potentially inhibitory to succession, namely

dredging, repeated use by boats, a bank profile which may restrict establishment of

emergent vegetation, an inhospitable substrate environment for plant growth and

shading either by suspended solids or overhanging trees. They also experience rapid

mulling which may accelerate succession in space and create a marked deviation from

the successional status of the main channel. Sidewaters could therefore be a useful

testbed for hypotheses on plant succession. Since many sidewaters were a focus for

boat activity in the past, it is also possible that a historical photographic record exists
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BNK3

Figure 3.20 An ecological basis for interpreting likely successional
changes in manually classified vegetation types

Documented and hypothesised successional changes in vegetation classes (see
text) in relation to key environmental variables identified by canonical variate
analysis. The long axis symbolises a gradient of decreasing water depth,
associated predominantly with shallow banks, while left to right corresponds to
decreasing anthropogenic disturbance. Factors running against natural
succession arrest or inhibit changes in vegetation classes (eg. deep steep-sided
sites proceed very slowly from IC to increasing emergent cover; sustained boat
use of a sidewater will inhibit the change from lA to 1B).
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for some sites, which would allow an assessment of long term vegetation changes.

The simple classification of sidewater vegetation types used in this study has an

implicit seral element, being based on the abundance of emergent vegetation and aquatic

vegetation, and should therefore reflect changes in the availability of shallow marginal

versus deeper open water habitats. Figure 3.20 shows an arrangement of these groups

in a number of hypothesized successional sequences. These are based on experience of

a wide range of site types, coupled with information on successional changes in main-

channel plant communities and their relation to boat traffic (Harris, 1988). By

superimposing these sequences of site types on the biplot obtained from multiple

discriminant analysis (Figure 3.11), it is possible to trace or predict the environmental

changes which initiate, or are associated with, various steps of a successional change in

the vegetation.

A freshly dredged sidewater, devoid of aquatic and emergent vegetation, provides

a logical starting point. Persistent use of the site for boat manoeuvering will maintain

this state (group IA), by causing repeated physical disturbance which prevents plant

establishment and by raising turbidity levels through resuspension. This may also

represent a stable state in vertical-banked sidewaters on canals with very high mainline

traffic densities, due to the reflective nature of the bank profile.

Infilling of these sites, caused initially by high siltation rates associated with

settlement of fine material derived from the main channel, may facilitate the

establishment or expansion of emergent vegetation, while high turbidity reflecting the

continued influence of high mainline traffic maintains the virtual absence of submerged

vegetation. The shift to a type IIA vegetation is predictably associated with a drop in the

axis 2 scores, reflecting a decline in average depth and a tendency for these sites to be

soft-banked with shelving marginal areas suitable for the initial establishment of

fringing vegetation. Hydraulic resistance to water movement and absorption of boat

wave energy by developing stands of reeds are likely to accelerate allochthonous infill

(Buttery era!., 1965), in turn providing further opportunities for reedswamp expansion

and autochthonous infilling. Complete infilling (ie the shift to community IIIA) may be

resisted at high traffic densities due to the effects of frequent boat wash on the outer

face of the reed fringe and establishment of an equilibrium state between sediment

acretion and erosion which prevents further expansion of vegetation (eg. Bhowmik &

Adams, 1986). See PLATE 3.17. Alternatively direct mechanical disturbance

associated with use of the site by boats for turning may physically impede

encroachment. Periodic dredging of shallow open water areas and/or sections of the

reed fringe may take place to maintain a navigational function. Hence the shift to
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complete reed swamp dominance appears to be associated more with a reduction in

traffic-related stresses than further shallowing (ie. a small change in Axis 2 scores

(Figure 3.11), but a larger positive change in Axis 1 scores). In addition to the arrest of

succession at this stage through external perturbations, the accumulation of organic

matter, either generated internally by emergent vegetation or externally from leaf fall,

may be an inhibitory factor. The virtually static water conditions in some sidewaters

plus high rates of siltation and organic matter accumulation, combine to create soft,

unstable, highly reducing and potentially phytotoxic substrate conditions (see 4.3.3).

A shift to type IIIA may also take place through the formation of a Glyceria

maxima sudd, which, once established in shallow marginal areas, may spread across

the entire site irrespective of the depth of underlying water or the suitability of the

substrate (see 4.3.3), PLATE 3.1. Through the develpment of a sudd vegetation it

appears that intermediatory phases of a succession involving progressive infilling, and,

at low traffic densities, aquatic vegetation, can be bypassed. The depth, buoyancy and

flexibility of reed sudds allows them to absorb small waves but once a mat exceeds a

critical size or is exposed to frequent large waves from boat passages, tensional cracks

are likely to develop resulting in reduced wave dampening and ultimately failure and

fragmentation of the sudd (Garrad & Hey, 1988). Consequently active sudd formation

is unlikely to occur in sidewaters at high traffic densities and extensive sudd

development was not recorded at mainline traffic densities exceeding 4000my.

Increased sediment deposition in a sidewater near the accreting edge of a small area of

sudd may have an impounding effect, creating increased stability across the mat and

subsequently increased biomass accumulation and autochthonous infilling of stagnant

water underlying the main body of the sudd. Conversely at very high traffic densities,

some small reed-filled sidewaters with a dry virtually terrestrial reedswamp (eg.SUC7,

SUCL4) seem more likely to be relic communities belonging to a former low traffic

regime, rather than the products of recent sedimentary infilling (PLATE 3.18).

Substrate stability is provided by root mat binding, but below the water level there is

usually a steep, cliff-like outer face to the underlying sediment suggestive of active

reworking of deposited material. In the final drying out stages of the succession,

invasion by willows, eg. Salix citterea and S. caprea is common (PLATE 3.1 and

PLATE 3.18).

Vegetation type HA may shift to 1IB if inhibitory controls on aquatic vegetation

are relaxed. This seems to be associated mainly with correlates of decreasing mainline

traffic density, such as reduced site use for manoeuvering or increased water clarity.

Many sites in this class were also either subject to marginal grazing by cattle or had

been partially dredged within the last two years. These disturbances may suppress or
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PLATE 3.19

Floristically diverse winding hole vegetation on a lightly trafficked canal
(PF3) with extensive growth of Potamogeton natans and Elodea nuttallii plus
five submerged Potamogeton spp. Fringing Glyceria maxima.

PLATE 3.20

Glyceria fringed winding hole with extensive growth of Potamogeton natans
in very shallow open water areas (0.3m). Note cattle trampling and grazing
confined to landward side of reed fringe (MACC6).

PLATE 3.21

Basin (FCG3) with encroaching Glyceria maxima, Typha latifolia and Iris
pseudacorus. Open water areas, up to lm deep, resist reedswamp
encroachment and are densely colonised by Cladophora, with a thick
windblown mat of Lemna minor agg. at the apex of the site. The floating
growth form of Rorippa nastutium-aquaticum is expanding at the mouth of
the site and may lead to accelerated infilling.





interrupt encroachment of emergent species, thereby maintaining open water areas

which can be occupied by aquatic species. If conditions for growth of aquatic plants

remain suitable or improve, for example by reduced turbidity, submerged and floating

plant biomass may increase (HC). Type TIC sites are a physically diverse group

associated mainly with low traffic densities often containing diverse assemblages of

aquatic plants (PLATE 19). Several members of this group (eg. MACC6, GUMH1)

were however, associated with relatively high traffic densities (3000-4000my). In these

cases, partial cover of emergent vegetation may have facilitated an increase in aquatic

plant biomass by dampening boat wash, reducing resuspension and, by promoting

siltation, raising the bed into the euphotic zone. Extensive Potamogeton natans cover

and locally dense beds of Elodea nutallii were characteristic of these sites (PLATE

3.20), which seem likely to represent a short-lived phase preceding emergent plant

dominance (IIIB and ultimately MA) unless stability is provided by occasional boat use

or grazing of the emergent fringe. Bhowmik & Adams (1989) found that a prolonged

period of uninterrupted siltation on the offside margin of navigation pools on the Upper

Mississippi River (width 1-2km) raised the bed sufficiently (from llm to lm over a 70

year period in some cases) to initiate a succession of macrophyte colonisation, moving

sequentially through stages of submerged, rooted floating-leaved (Nelumbo lutea) and

ultimately emergent plant (Sagittaria spp) dominance. High turbidity in the much

smaller navigable canals of the British system may mean that by the time water depth is

reduced sufficiently in open water areas of sidewaters to theoretically permit growth of

submerged and floating leaved plants, there is already an extensive growth of

aggressive emergent species around the margins.

Colonisation and recovery of submerged and floating-leaved vegetation may

occur rapidly in the post-dredging phase (Wade & Edwards, 1980; Eaton et al. 1981;

Paskell, 1984) via regeneration from rhizomes, vegetative fragments or a buried seed

bank (Wade, 1993) or, particularly in the case of the Characeae, invasion from

neighbouring habitats (Nichols, 1984). Consequently, at low levels of traffic stress, a

site may move directly from type IA through to IC before significant re-establishment

of emergent vegetation can take place. Sites in group TB were typically shaded, in

which case a semi-stable state of low macrophyte abundance is to be expected, or had

recently been dredged or subject to weed control and may therefore represent an

intermediate phase of recovery to IC. However, sites in group IC, far from being a

post-dredging community 'awaiting' establishment and replacement by emergent

vegetation, had either been undisturbed for some time (>10 years) or were known to

have supported similar communities over a long period prior to management. These

sites, typically associated with low traffic densities, are characterised by large average

depths and steep sides which resist the establishment of emergent vegetation (see 4.3.4)
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PLATE 3.10. Although species turnover and simplification of the aquatic plant

community may occur (Pygott, 1987), the overall vegetation structure of these sites

appears to change almost imperceptibly slowly over time when compared to soft

banked canals (Twigg, 1959, Harris, 1988). Very slow rates of infilling through

accumulation of macrophyte litter suggest that these sites cannot be regarded as

examples of climax communities in the true Clementsian sense (Clements, 1916).

However, at very light traffic densities which may result in flushing of organic matter

from the base of the plant stands owing to the reflective nature of the bank, without

significantly reducing the vegetation, a true climax state may persist.

The shift from this vegetation to JIB or IIC is presumably associated with site

maturity and perhaps initiated in steep-sided sites by localised bank collapse (PLATE

3.6) or periods of temporarily reduced water level which allow the wider scale

establishment of emergent species. Figure 3.21 suggests that a reduction in average

depth and a 'softening' of the bank will be the main instigators of this change in

vegetation, but the change to JIB may be related to faster rates of infilling and possibly

also an increase in traffic density which restricts the development of aquatic plant

biomass in residual open water areas. A further progressive shallowing, commensurate

with a replacement of open water areas by reedswamp, accompanies the change to IIIB

and thence to IIIA, as open water areas are eliminated altogether, but in deep arms and

basins where the influence of the main-channel appears to be small and the rate of reed

encroachment from the margins is slow compared to wide-mouthed sites, substantial

areas of open water densely colonised by aquatic vegetation may remain right up to the

closing stges of the succession (PLATE 3.21). Conversely, historical photographs

coupled with descriptions of vegetation change in the Prees Branch (Llangollen Canal)

and the Guilsfield and Peates Mill Arms (Montgomery Canal) (eg. Paskell, 1979;

Briggs, 1989) suggest that in soft-banked sites reversion to reedswamp dominance

takes place rapidly in the absence of management.

4.5 Benthic invertebrates in sidewaters

This study could find no evidence of a clear dichotomy between sidewater and

mainline benthic invertebrate populations in terms of community structure or

abundance. This result is in marked contrast to studies of riverine backwaters. On the

Upper Mississippi for example, Claflin (1974) reported standing crops of benthic

invertebrates to be about ten times higher in backwater pools, where Sphaeridae and the

burrowing may-fly Hexagenia were the dominant taxa, compared to the main river

channel where benthic invertebrates were represented mainly by oligochaeta,

amphipods, ceratopogonids and molluscs. Other workers, for example Elstad (1986)
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and Sheaffer & Nickum (1986a) have obtained similar results at other sites on the river.

The greater abundance and standing crop of invertebrates in backwater sites has

generally been attributed to the greater stability and organic content of the sediment

when compared to the main channel (Elstad, 1986). Other studies have not dealt with

invertebrate abundance but considered the diversity of key groups. For example, IFE

research on the ecology of the Great Ouse has found that the diversity of chironomid

species associated with Nuphar lutea is substantially higher in small back channels than

in the main river (NERC, 1990).

Work caned out on canal estates in Florida (Linda11 et al., 1975) and southern

Australia (Cosser, 1989) has however, produced a contrasting picture of declining

invertebrate species richness along a gradient from the the main canal into dead-end

sites. The change in invertebrate communities has been attributed to the progressive

elimination of oxygen-sensitive open channel fauna due to a deterioration in the

dissolved oxygen regime with increasing distance from the source-water, combined

with increasing organic matter content and probability of sulphide toxicity (Cosser,

1989). The effect on invertebrate abundance has not been documented. The similarity

with conditions in canal sidewaters in the present study suggests that the greater

diversity of invertebrates found in riverine backwater habitats is likely to be a feature

unique to lotic environments. The fauna in open ended canal sidewaters such as bypass

channels might however, be expected to display some increased species richness in line

with backwater river channels.

While oxygen stress in static backwater habitats may lead to impoverishment of

invertebrate species assemblages, the lack of consistent change in the abundance of

tolerant organisms compared to the main channel is less readily understood. Tubificids

for example, often reach outstandingly high densities in oxygen deficient depositional

environments with high organic matter concentrations (see Chapter 4: 4.2.1) although

they are intolerant of chronic total anoxia (Brinkhurst, 1974). Possible limiting factors

on the densities observed in canal sidewaters are fish predation and the consistency of

the substrate. Tubificids are a preferred prey item of many cyprinids (Kennedy, 1965)

and fish have been shown elsewhere to greatly reduce tubificid densities during feeding

(Moss & Timms, 1989; Riera era!., 1991, see Chapter 5: A). The possibility discussed

below that fish aggregate in sidewaters would be likely to exaccerbate predation losses.

The increase in numbers of benthic animals, including tubificids, when artificial

substrates are introduced into environments characterised by highly fluid sediment (eg.

Mason, 1978; Moss & Timms, 1989), suggests that sediment structure may also be an

important influence on the densities of benthic organisms in sidewaters.

150



The observed similarity between invertebrate communities in paired sidewater and

main channel sites is consistent with the lack of any clear pattern of change in the

invertebrate communities of either site with increasing traffic density. At low traffic

densities, where densely vegetated habitats and organic rich sediments are found in

both sidewater and main channel sites, major differences in invertebrate populations

seem unlikely. In view of the abundance of decaying macrophyte litter and the generally

negative effects of boat traffic on invertebrate populations (Murphy & Eaton, 1981a;

see Chapter 2) it is perhaps surprising that invertebrate densities are not higher in these

sites. In virtually standing water, very soft, organic-rich sediment is likely to have

acutely low dissolved oxygen concentrations, particularly during the summer. Plant

beds may therefore offer a less stressful microhabitat for many invertebrates, as well as

providing a refuge against fish predation and access to suspended or epiphytic algal

food resources. Consequently a large fraction of the total invertebrate biomass may be

concentrated within macrophytes and therefore undetected by benthic coring. With

increasing boat traffic, high deposition rates in sidewaters and sustained low sediment

oxygen concentrations, possibly combined with locally intensified fish predation may

exert a limiting effect on invertebrate densities. Simple fish exclosure studies would be

useful to establish the benthic invertebrate carrying capacity of these sites relative to the

main channel and to determine if it is the dissolved oxygen regime, fish predation, or

possibly the structure of the sediment which prevents invertebrate populations taking

advantage of the increased sediment organic content in these sites. In the main channel

invertebrate production may be limited by the availability of detritus or the ephemeral

nature of food patches due to the lack of structural heterogeneity caused by macrophyte

loss, siltation and bed disturbance. Density-independent forces may however, be most

critical and are likely to include resuspension or burial which necessitates energetically

costly reorientation or may result in injury or increased predation risk. High water

turbidity may be a unifying stress on both sidewater and mainline invertebrate

communities at heavy traffic densities.

4.6 Sidewaters as a habitat for fish

It has not been feasible during this study to obtain quantitative information on fish

stocks which would permit a comparison of their distribution relative to main channel

and sidewater habitats. It is nonetheless possible to make certain predictions regarding

the value of sidewaters as fish habitat on the basis of the findings of the present studies

of vegetation and invertebrates, anecdotal observations of fish made during sampling,

informal questioning of anglers and the results of previous s tudies of fish distribution

in navigable waterways.
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The consensus from surveys of fish populations in several major North American

rivers (eg. Holland & Sylvester, 1983; Sheaffer & Nickum, 1986b; Tyus, 1991),

coupled with preliminary results from the IFE Ecology of Large Lowland Rivers

Project based on the Great Ouse (NERC, 1990; Mann & Bass, 1992), is that fish, and

their larval stages in particular, concentrate seasonally (usually summer) in backwater

habitats. Quantitative evidence of use of canal sidewaters by fish is lacking, although

on the Chelmer and Blackwater Navigation, a heavily canalised river, McManus (1971)

recorded a mean biomass of 375kg fish ha-/ in unnavigated weir pools and tail cuts

compared to only 10 kgha- 1 in the main channel. The general lack of detailed

assessments of backwater habitat use by fish is probably largely a reflection of the

difficulties of accurate quantitative sampling using nets, in what are usually shallow,

soft-bottomed and densely vegetated habitats. Rising nets ('pop' nets) offer a potential

solution but require a large investment of time and labour to yield useful data. There is

additionally evidence that use of backwater habitats varies diurnally (Holland &

Sylvester, 1983), while in canals it seems probable that temporal changes in the use of

off-channel habitats will be complicated by behavioural modifications induced by traffic

effects.

Several factors have been invoked to explain the concentration of fish in

backwaters, namely; (i) the increased provision of spawning substrates in sidewaters

(Holland, 1986); (ii) increased water temperatures in backwaters due to surface

warming of shallow standing water, which may stimulate spawning, invertebrate

activity, fish feeding and growth rates (Mills & Mann, 1985; Sheaffer & Nickum,

1986b); (iii) active concentration or passive capture due to reduced flows relative to the

main channel (Sheaffer & Nickum, 1986b; Tyus & Haines, 1991); (iv) reduced

predation risk for juvenile fish such as roach (Copp, 1990) possibly related to increased

abundance of submerged vegetation which also provides physical shelter and a feeding

habitat for the young of certain species (Holland & Huston, 1984); (v) increased prey

availability and perhaps prey quality due to the higher densities of benthic invertebrates

in backwaters, coupled with an abundance of large weed-associated animals (Elstad,

1986; Sheaffer & Nickum, 1986ab).

These explanations have limited relevance to canal sidewaters. This study could

find no significant difference in water temperature between sidewater and main channel

(Table 3.4: n=176). Benthic invertebrate densities showed no consistent pattern of

differences between the two habitats, although the surprising scarcity of tubificids and

chironomids in some sidewater sediments could result partly from differential predation

pressure by fish, particularly if low prey densities in the main channel are a general
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feature of benthic invertebrate populations in canals during the summer (see chapter 4).

At high traffic densities, few sidewaters accessible to fish via the main-channel support

significantly more submerged vegetation than nearby lengths of mainline canal and are

consequently unlikely to be major reservoirs of weed-associated invertebrate prey or to

provide indirect shelter or a refuge from predators. Those sidewaters which do contain

large quantities of submerged or floating-leaved vegetation are generally located on

light-moderately trafficked canals, where there is already likely to be an appreciable

standing crop of macrophytes in the main channel. Unless there is some direct

disturbance of sidewater vegetation by boat traffic or management activities, which

creates lanes for fish to cruise among plant beds and improves water flow, such sites

are likely to be relatively impenetrable, susceptible to sharp overnight fluctuations in

oxygen concentrations and therefore potentially less attractive to fish than mainline

habitats (see Hejny & Husak, 1978).

Ultimately, access to improved feeding conditions associated with a reduction in

disturbance from boat traffic seems the most likely incentive for fish to use sidewater

habitats on navigated canals. In the main channel, boat passages are liable to disrupt

feeding behaviour through sudden multidirectional changes in water movement which

demand reorientation and increased swimming time (Boussard, 1981) and may also

interfere with prey acquisition by causing resuspension of the bed and fragmentation of

food patches. These effects should be largely absent from sidewaters unless they are

heavily used by boats for manoeuvering. Consequently the efficiency of prey capture

and the proportion of energy devoted to growth and maintenance should increase.

Furthermore if main line traffic disturbance is exceptionally high, perhaps as a result of

a small channel cross-sectional area, sidewaters may offer more profitable feeding

conditions even if absolute prey densities are lower than those found in the channel.

Despite the general paucity of aquatic vegetation in sidewaters on heavily

trafficked canals, these sites may also still represent the most physically varied habitat

in an otherwise structurally uniform length of turbid channel and even in the complete

absence of aquatic vegetation, features such as tree shading, soft banks, overhanging

bushes and submerged tree roots may increase their attractiveness to fish. Where

emergent vegetation persists, plants such as Typha, Sparganium erectum and

Phragrnites, which form open structured stands in shallow standing water appear to be

widely used as nursery sites by larval and immature fish (pers.obs.) and may also be

beneficial as a spawning substrate and source of invertebrate prey, when the base of

submerged reed stems, often colonised by gastropods, are accessible to large fish.
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4.7 Sidewaters as an angling resource

It is self-evident from the distribution of anglers along canal banks that sidewaters

used irregularly by boats are a preferred area in which to fish. Where access permits,

anglers often fish directly into a sidewater, avoiding the main channel altogether. Some

larger sidewater sites, usually privately owned by clubs, have been developed

specifically for this purpose. This suggests one or both of the following:

(i) anglers know on the basis of experience that sidewaters hold larger

concentrations of the target species or size class,

(ii) sidewaters can be fished more cost-effectively than the main-channel,

because there are fewer interruptions to fishing from passing boats and

consequently also less disturbance of the bed and fragmentation of feed.

Since disturbance from boat traffic is a frequent cause of complaint among anglers

fishing the main channel (Pygott, 1987), larger sidewaters could provide scope for

reducing recreational conflicts in a multiuser system by spatial zoning, whilst

preserving access to the potentially highest concentrations of fish. Where there is a

surplus of sidewaters on a given length of canal, it may be possible to allocate some

sites specifically to angling and to exclude boats. The requirement for sites with easy

access and a large perimeter, so as to accommodate a reasonable number of pegs may

however, restrict the utility of this approach.

4.8 Interactions between sidewaters and the main channel

There is clear evidence that physical processes in the main channel strongly affect

the character of adjacent sidewaters, through the input of turbid water, silt deposition

and wave action. The degree of influence appears to be proportional to the size of the

sidewater, the length of the interface with the main channel and the frequency of

flushing by boat wash. Conversely on some navigable river systems it is apparent that

backwater habitats can themselves exert a significant local influence on main channel

ecology. On the Upper Mississippi River for example, it has been suggested that inputs

to the main channel of warm, nutrient-rich water, plus phytoplankton, zooplankton,

drifting invertebrates and larval fish originating from backwaters (Eckblad et al., 1984;

Sheaffer & Nickum, 1986a) may be responsible for the increased benthic invertebrate

densities and fish productivity which have been noted downstream of the confluence

between mainline and backwater sites (Holland & Sylvester, 1983; Sheaffer &

Nickum, 1986ab).

The extent to which canal sidewaters can influence ecological processes in the

main channel is unknown, but seems likely to be constrained by the generally small
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dimensions of sidewaters, the frequent flushing by boat wash, lack of a marked

directional flow in canals and the high degree of connectivity between sidewater and

main channel which prevents marked differences developing between the two areas as

traffic densities increase. Moreover, since traffic effects appear to be relaxed only in

those relatively few sidewaters which are virtually isolated from, or narrowly joined to

the mainline, the scope for individually diverse and more productive sites to influence

ecological processes in the mainline would appear to be very limited.

However, there is also evidence that detritus generated in offline areas may

influence the ecology of the main-channel. Grubaugh et aL (1986) for example,

reported that fine particulate organic matter originating from the decomposition of

macrophytes in a Mississippi backwater was transferred into adjacent riverine habitats

by water movement, where it provided a food source for large populations of filter

feeding invertebrates. The export of leaf litter from canal sidewaters which support

large stands of emergent vegetation, might therefore significantly enrich the sediment

organic matter pool of the adjacent mainline. This may be so where sidewaters have

stands of Typha latifolia or Phragmites australis which have a high rate of biomass

turnover and a relatively low stem density, but can extend into deeper water (c. 0.8-

1.0m) than the other common stand-forming emergent species. These features facilitate

the exchange of water between sidewater and mainline areas and the continued removal

of litter from around the bases of plant stems by the combing action of retreating boat

wash. The shape of the site probably also dictates its degree of influence on the

mainline. Short but wide sites where there is a large interface with the mainline and

plant stands are located close to the channel, are likely to be the most effective exporters

of organic material. Locally increased concentrations of organic matter in mainline

sediments may subsequently stimulate benthic invertebrate production, thereby

resulting in increased prey availability for fish. In Czechoslovakian fishponds for

example, Hejny & Husak (1978) regarded Glyceria maxima as being beneficial to carp

production since the rapidly decomposing leaf litter led to enhanced chironomid

population densities. Stands of emergent vegetation also often harbour high densities of

macroinvertebrates (Staples, 1992). These may include gastropods which utilise the

submerged stems as a substrate, or aerial species which live semi-terrestrially in the

main body of the reed stand, but are subject to periodic inundation due to boat wash.

Dislodgement and wash out of these animals into the main channel could therefore

represent an additional profitable source of prey for fish, particularly in heavily

engineered channels where artificially protected banks and low tree cover reduce the

probability of the input of terrestrial invertebrates. Consequently, appropriately

managed sidewaters may make a significant positive contribution to ecosystem
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functioning at high traffic densities, irrespective of their conservation or immediate

fisheries value.

5. IMPLICATIONS

In view of the comparative resilience of emergent vegetation to traffic effects and

the high nature conservation value and sensitivity of aquatic vegetation to increasing

boat traffic, it is assumed that the main conservation priority for a sidewater is to

support abundant and diverse submerged and floating-leaved plant communities. On the

basis of the present work this goal is most likely to be achieved in relatively deep, clear-

water sites with minimal boat use. Since these conditions are found naturally in

sidewaters almost only at low traffic densities it seems unlikely that sidewaters can

make a significant contribution to restoring nature conservation interest to heavily

trafficked canals. Indeed there appears generally to be a rather narrow window of

opportunity for the effective use of sidewaters in this role. This clearly has implications

for the management of recently restored canals or at the planning stage of proposed

restoration projects.

At traffic densities in the range of 200-600my, main channel macrophyte

communities are usually highly diverse and productive (Pygott, 1987). Under these

conditions a sidewater will have little additional value unless there are species which are

extremely intolerant of boat traffic. If sidewaters are to be used on canals in this traffic

range, it may be beneficial to incorporate areas of deep water (1-1.5m) and some

sections of steep vertical bank to resist the encroachment of emergent vegetation which

is otherwise likely to be very rapid and will necessitate regular intervention. When

traffic increases to the range 600-1500 mhy, macrophyte biomass is reduced and highly

sensitive species are eliminated, although macrophyte communities may remain diverse.

This traffic range, perhaps extending as high as 2000mhy, appears to be most suitable

for the development of sidewater refuges. Turbidity should remain low enough not to

significantly depress standing crops, while the shelter from the mechanical effects of

traffic ought to allow the retention of aquatic vegetation in sidewaters in quantities

normally associated with very low traffic densities. This should preserve an important

habitat for fish fry and macroinvertebrates. Good water quality (Class 2 minimum) and

lack of shading should be regarded as basic requirements. The present work provides

no a priori justification for selecting large sites over small ones as a means of

maximising species richness; several of the smaller sidewaters in this study (<0.05ha)

were exceptionally diverse. However, physical habitat diversity may be more

dependent on site area. Effective provision of educational, interpretive and angling

facilities may also be feasible only in a large site (>0.5ha).
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Above 2000 mhy traffic effects are generally so pervasive that it is unlikely that

sidewaters will represent any more than an extension of the increasingly ecologically

impoverished mainline, although they may continue temporarily to support relatively

diverse reedswamp communities. Traffic is likely to aggravate the problem of siltation

while maintaining a high suspended solid loading, even in offline areas, due to the large

concentration of very fine particles with slow settling rates. Long arms and basins,

which are almost mini low traffic channels in their own right, appear to be the main

exception to these findings. Here there are areas of water which are remote from the

influence of the main channel, plus a sufficient expanse of undisturbed water for the

complete settlement of suspended material. Even at high mainline traffic densities,

water plant communities in these sites are frequently diverse. The possibility of

restoring small, presently reed-choked arms and basins as reserve sites may be worthy

of investigation. Such sites are common along sections of the heavily trafficked North

Oxford Canal for example. The provision of long term private moorings could be used

as an incentive for restoration and would also be an effective means of reducing traffic

congestion caused by linear channel moorings. Low-key use of sites as moorings

appears to be compatible with both nature conservation and landscape quality

objectives, with nymphaeid vegetation often well represented (PLATE 3.22).

At high traffic densities there are two basic options for the management of

redundant sidewaters. The first accepts the impossibility of creating and maintaining

diverse aquatic plant communities on these canals and concentrates instead on

management aimed at ecological enhancement. One approach is to promote the

development of desirable reedswamp species which contribute detritus to the main

channel sediments, and may, prior to infilling, provide a useful refuge for small fish.

Sites containing Typha or Phragmites reedswamp should be allowed to develop

naturally. Typha provides favoured nesting sites for water birds such as coot while any

site with a reasonably extensive cover of Phragmites (>0.2ha) is likely to be an

important habitat for colonial stem-nesting warblers. The landscape potential from

manipulating the composition of vegetation in these sites by planting native species also

appears to be considerable (PLATE 3.23) and may be appropriate in high profile

locations, especially in view of recent efforts to retain sidewaters and integrate them

into waterside property development. A second approach may be to manage sidewaters

specifically for fisheries purposes, by restricting boat access and, if necessary, by

controlling the development of fringing vegetation. Some large sites may be appropriate

for independent club fisheries, and where there is little scope for other means of

ecological enhancement, stocking the main channel with carp, which tend to hole up in

sidewaters, may increase the attractiveness of these sites to pleasure anglers.
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The second option is to endeavour to re-create the conditions in a sidewater under

which productive aquatic vegetation naturally occurs at light traffic densities. This

implies partial or complete physical isolation from the main channel in order to improve

the underwater light climate and reduce mechanical stress imposed by boat passages.

The potential effectiveness of this approach can be seen on a microscale from the rapid

clearing of turbidity in water which has been temporarily impounded behind steel piling

during routine bank engineering works. Colonisation by traffic intolerant water plants

is a further indication of the pond-like conditions easily created (PLATE 3.24). On a

larger scale, gabion baskets, reed planting, silt traps or the construction of earth bunds

or piling across the entrance to sidewaters may provide sufficient isolation and

reduction in turbidity for aquatic vegetation to develop. Transplanting may be used to

accelerate this process and introduce desirable species. The practical and financial scope

for physical isolation of sidewaters on a large scale however, seems likely to be very

limited and the predominantly very small size of the majority of existing sidewaters

(80% <0.1ha) is unlikely to merit this amount of effort. Small redundant stone sided

basins offer the greatest potential since they can, in many cases, be readily isolated

from the main channel by the insertion of stop planks. Such sites would be suitable for

direct testing of the utility of sidewater refuges at high traffic densities so as to provide

an insight to management problems and a measure of the likely degree of success. This

must be regarded as a priority before the creation of isolated sidewaters can be

recommended confidently as an effective compromise option on canals of high nature

conservation interest which are scheduled for restoration. Since physical isolation

implies cutting off a site from the'natural' disturbance regime, interventionist vegetation

management is likely to become a major input. While suitable techniques are in place

for the management of vegetation in unnavigated canal channels, the application of

these methods to small physically isolated sites is likely to prove strategically difficult.



CHAPTER 4

Habitat Enhancement in Heavily Trafficked Canals:

I. Effects on Invertebrates



1. INTRODUCTION

1.1 The scope for habitat enhancement on heavily-boated canals

The pervasiveness of boat traffic effects suggest that sidewater refuges, discussed

in Chapter 3, can at best make only a very local contribution to habitat enhancement at

high traffic densities. Excluding the potential for creating new aquatic habitats on land

adjacent to canals, the best prospects for ecological enhancement of heavily trafficked

canals appear to be by alteration of within-channel habitats. Unfortunately however, the

opportunities for imaginative habitat creation in canal channels appear rather poor

compared to natural water courses. There are two main reasons for this;

1. Canals are mostly straight, of even width, uniform flow and constant water

level and have a fairly standard saucer-shaped bed profile. They therefore lack the

diverse geomorphological features associated with rivers, such as meanders, cut-

offs, bars, islands, riffle and pool sequences, river cliffs and flood plains which

figure prominently in practical advice to engineers and conservationists on the re-

creation or enhancement of aquatic habitats or mitigation of the environmental

effects of major works such as flood alleviation schemes (eg. Brooks & Agate,

1976; Water Space Amenity Commission, 1980; Newbold et al., 1983; Lewis &

Williams, 1984; Brookes, 1988).

2. Canals have a navigational role which is supported by an ageing (150-200>

year old) network of narrow (mostly 10-15m wide), shallow (<1.5m) channels.

Any structures introduced to the channel clearly must not be prejudicial to its

integrity or navigation function. In canals there is insufficient space within the

channel cross-section to accommodate structures without interfering with

navigation and water movement. This precludes instream devices such as current

deflectors and low dams (Swales & O'Hara, 1980), developed for use in rivers to

mitigate the effects of channel engineering, or artificial structures ( eg. stake beds,

tyre reefs, concrete blocks and brushwood bundles) used in some recreational lake

fisheries, to provide supplementary cover for fish (see Johnson & Stein, 1979).

1.2 Existing methods of habitat improvement

The only established form of ecological engineering to date, on heavily trafficked

canals, is Reinforced Vegetative Bank Protection (Hanbury, 1982; Brookes & Hanbury,

1992) to reinstate eroded banks. This involves the planting of emergent, stand-forming

plants (eg. Carex acutiformis or Glyceria maxima) into a geotextile mat laid over the re-

formed bank and has been used successfully on a number of heavily trafficked canals over

the last ten years as a substitute for the traditional but more costly steel sheet piling. The
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resultant reed fringe has the multiple benefits of absorbing energy from boat wash

(Bonham, 1980) and providing an aesthetically pleasing habitat feature beneficial to

invertebrates and birds, in contrast to the energy-reflective and visually intrusive metal

alternative. Prior to the development of this technique however, artificial steel or concrete

bank protection was employed extensively, so it would appear that vegetative bank

protection can contribute only locally to ecological enhancement of heavily trafficked

canals in the immediate future, despite its potential.

1.3 Background to experimental work

The prospects for an imminent reduction in the immediate causes of ecosystem

degradation at high traffic densities are poor, due to the limited management options and

the practical difficulties in implementing them. Likewise 1.1 and 1.2 above show that

there is little scope for applying existing methods of ecological enhancement.

It was decided therefore to investigate experimentally the scope for mitigating several

of the direct consequences of high boat traffic densities which appear to be particularly

influential on the higher trophic levels of the ecosystem, viz;

1. loss of substrate heterogeneity and stability,

2. reflective scour adjacent to the bank due to a hard vertical bank surface and

3. the almost complete loss of submerged aquatic macrophytes.

In turbid waters, changes in invertebrate populations and their community structure

are generally thought to be mediated by the loss of substrate heterogeneity and stability

(Cline et al., 1982; Hamilton, 1961; Nuttall, 1972; Nuttall & Bielby, 1973; Ward, 1992)

coupled with reduced epipelic primary production (Davies-Colley et al., 1992), due to

high siltation rates rather than turbidity effects per se. Previous studies of heavily

trafficked canals have highlighted the lack of substrate stability as a controlling factor in

the composition and density of benthic invertebrate populations (Pygott, 1985; Staples,

1992).

Invertebrates which inhabit soft, fine substrates, subject to repeated scour and

resuspension, are themselves presumably entrained into the water column where they are

exposed to potentially abrasive silt and fine sand and are more vulnerable to predation by

fish. Subsequent resettlement on the bed after a hazardous period of drift may demand

energetically costly burrowing or reorientation to locate dispersed food resources or
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acceptable microhabitats. Bed stability provided by coarser substrate particles which have

a higher critical sheer stress would therefore seem likely to be advantageous.

Other correlates of coarse substratum and structural stability are also known to be

attractive to invertebrates. Interstitial spaces may for example increase the volume available

for colonisation (Hynes, 1970). Organic matter often lodges among stones (Hynes, 1970;

Rabeni & Minshall, 1977); concentration or entrapment of detritus within interstitial

spaces and prolonged retention times may be beneficial in the nutritionally dilute

environment of heavily trafficked canal sediments. A reduced search time between food

items would increase the efficiency with which macro-invertebrates utilise particulate

organic matter. Detritus may also tend to collect on coarse substrates in canals because it is

trapped or retained in deeper or smaller interstices during boat-induced scouring of the

bed. Substrate heterogeneity which is often associated with stability may introduce new

resources or allow finer partitioning of existing resources and therefore increase species

richness and the complexity and perhaps robustness of community structure (see Hildrew,

1992). Predator efficiencies are also often reduced in areas of stucturally complex

substrates due to the provision of prey refuges in crevices and interstitial spaces (eg. Stein

& Magnuson, 1976; Mattila, 1992). Coarse substrates may therefore offer a means of

stabilising predator-prey interactions.

Studies in lowland rivers and artificial channels where the structure of the channel

bed has been modified, usually for engineering purposes or as a consequence of flow

impoundment, have demonstrated the sometimes striking effects which this action may

have on benthic invertebrate populations and community structure (see Brookes, 1988).

While a loss of substrate stability and heterogeneity in channelized rivers or downstream

from dams and reservoirs, as a result of siltation of the channel bed due to flow

reductions, is usually considered to be detrimental to invertebrates (Hansen & Muncy,

1971; Etnier, 1972; Schmal & Sanders, 1978; Boon, 1988), the subsequent addition of

coarse substrates such as ungrouted rip-rap, gabions, or concrete groynes and wing-dams

intended to protect banks, improve substrate stability or direct flow may also prove highly

beneficial to invertebrates (Hansen, 1971; Brookes, 1988; Tocicner, 1991; van den Brink

et al., 1993). Marsh & Steinemetz (1983) for example, described the spectacular increase

in abundance of a hydropsychid caddis-fly, Smicredia utico and a lepidopteran larvae,

Paragyractis confusalis on concrete structures in the Coachella Canal, California, when

compared to the natural bed of shifting sand. Artificial materials, including crushed rock,

gravel and stone, introduced to engineered rivers to emulate the pre-channelisation

substrate environment (eg. Brookes, 1982), or reinstate gravel spawning areas for

salmonids (Gregory, 1988; Jutila, 1992), have similarly been shown to greatly improve

the habitat for fish and macroinvertebrates. For example, King et al. (1988) reported
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extremely high densities of Umatella grad/is, a sessile, filter-feeding, freshwater

bryozoan, on gravel substrata in a man-made riffle in the Tombigbee River, Mississippi.

Duvel et al. (1976) also reported that the effects of channelization could be largely

mitigated by retaining areas of cobble substrate. These past successes suggest that

implants of coarse stable substrate may offer potential for partial restoration or

diversification and restructuring of benthic invertebrate communities in heavily trafficked

canals.

Aquatic macrophytes play an important role in freshwaters through a diverse range

of interactions with invertebrates (see Chapter 2: 2.2). Potamogeton pectinatus, the

predominant macrophyte in heavily trafficked canals, may additionally provide a spawning

substrate or food resource for adult fish and nursery and feeding area for their fry (eg.

Howard-Williams & Liptrot, 1980; Prejs, 1984). Anglers perceive a partial cover of

atiDatic macrophytes as being critical to the value of a canal as a fishery (Murphy & Eaton,

1981a). Some species may also enhance the aesthetic value of a water-body, depending on

the setting and the morphology and density of the plants, although Potamogeton pectinatus

could hardly be included in this category. The loss of aquatic plants from heavily

trafficked canals may therefore have major implications for their ecosystem functioning

and their value as a multi-recreational resource.

Plant cover may be partially restored by the use of emergent vegetation as a means of

bank protection as described above (1.2), but an increase in submerged vegetation which

is sufficient to diversify channel microhabitats without interfering with navigation remains

desirable. Effective propagation of submerged plants as part of mitigation schemes for

engineering works on rivers has however, proved problematical compared to the

widespread successful 'cultivation' of emergent vegetation for bank protection (Brookes,

1988). In North America, Potamogeton pectinatus forms the staple diet of many species

of duck and consequently there is a substantial literature devoted to the enhancement of

'sago' standing crops, which is seen as a priority in the management of successful

wildfowl refuges for shooting and conservation (see Kantrud, 1990). The sowing of

drupelets, planting of turions or rhizomes and manipulation of water-levels have all been

used in attempts to establish large plant beds for wildfowl, but with varying degrees of

success, usually related to water turbidity, the density of carp in the water-body or the

presence of other submerged species which may be potential competitors with sago

(Berge, 1987; Kantrud, 1990). The available evidence suggests that experimental

propagation of Potamogeton pectinatus may be a viable proposition at high traffic

densities, particularly if combined with stabilisation of the bed (as described above) or

protective structures (see below), so as to reduce plant losses due to traffic effects.
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Vertical bank hardening reflects boat wash wave energy back into the channel,

where it is dissipated in eroding the bed instead of being absorbed by fringing emergent

plants or expended in eroding a soft bank. This promotes resuspension of finer sediment

and benthic organisms, thereby increasing light attenuation in the water column. Detritus

is redistributed, particles are sorted by size and there is a general loss of structural

heterogeneity at the bed surface. Submerged macrophytes are often uprooted, partly by the

increased energy stress and partly by decreased anchorage afforded by the soft bed (see

Chapter 2). A wave-buffered zone adjacent to the bank in which scour is reduced and

substrate stability consequently increased may therefore sustain macrophytes and enhance

invertebrate population densities. Some form of vertical permeable structure to intercept

and dampen boat wash before it reaches the steel piling may produce the desired

conditions. Barriers constructed from wooden palettes, chestnut paling fences or old tyres

have been used successfully on navigable rivers to protect and promote the growth of reed

fringes (Bonham, 1980; Eaton, 1986). Foote & Kadlec (1988) also found that floating log

breakwaters, which provided protection from natural wave energy, resulted in greatly

enhanced survivorship of planted tubers of Scirpus maritimus in the shallow, turbid

littoral zone of Great Salt Lake, Utah. Structures such as surface booms which merely

exclude the physically damaging effects of boats without significantly altering wave action

have also been found to be effective in encouraging development of floating-leaved lily

beds (Eaton, 1986). These techniques are as yet however, untried in heavily trafficked

canals and their effects on invertebrate communities are unknown.

2. MATERIALS AND METIIODS

2.1 Experimental site

The Middlewich Branch, situated in mid-Chesire, connects the Shropshire Union

and Trent & Mersey Canals via Barbridge and Wardle Junctions, and with boat traffic

exceeding 10000 movements per year is one of the most intensively navigated canals in

Britain. The experiment described was set up on an embanked offside length of canal

between Sandhills and Benyon's Bridges near Barbridge (NGR SJ 627573), as illustrated

on the location plan (Figure 4.1). The experimental site, which comprised an almost

straight 150m stretch of sheet steel hardened bank, is typical of the canal as a whole and

was selected for its uniform depth and lack of shading.
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PLATE 4.1

Sample of limestone aggregate used in stoning treatment

PLATE 4.2

Addition of stone to canal margin. March 1990.





2.2 Basic experimental design.

The experiment employs three treatment factors, viz;

(i) Stoning - designed to increase substrate heterogeneity and stabilise the toe of

the bank against scour.

(ii) Bed protection - treatments designed to provide a buffer zone adjacent to the

bank and dissipate wave action without causing scour.

(iii) Planting - to test the scope for re-establishing macrophytic vegetation.

The experimental variables are listed below.

FACTOR	 VARIABLE

Stoning	 - Stoned (40mm limestone aggregate)

- Unstoned (natural substrate) ie. control

Bed protection	 - Unprotected ie. control

- Boarding (planks fixed horizontally to posts
running parallel with bank, 1 m out into channel,
and extending 0.05 m above water line).

- Posts (at 1.5 m intervals, 1 m out from bank)

Planting	 - Planted (with Nuphar latea plus additional
Potarnogeton pectinatus )

- Unplanted ie. control

2.3 Treatment details

2.3.1 Stoning

Pieces of quarried limestone, diameter c.40mm (PLATE 4.1), screened at source,

were shovelled into the canal from a moored hopper (PLATE 4.2). Occasional large

stones were removed by hand but it was not possible to ensure complete size uniformity

of stone applied across all plots. Stone was compacted with a tamping iron or by

trampling underfoot until only slightly elevated (20-30mm) above the surrounding

substrate. Stone was laid at a density of c.0.2 tonnes m- 2 which, after displacement of the

silt overburden into the stone interstices, provided a stone bed about 0.15m deep and lm

wide, running parallel to the bank (Figure 4.2). This treatment was carried out in March

1990. To permit quantitative comparisons of invertebrate faunas on stone and unmodified
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PLATE 4.3 (Top Left)

Looking East towards Benyons Bridge over boarded section. July 1990. Note
close-grazed sward prior to addition of stock-proof fencing.

PLATE 4.4 (Top Right)

Loo)Ong West towards Sandholes Bridge over post treatment in September
1992 showing sustained high suspended solids load

PLATE 4.5 (Bottom Left)

Bunches of Potamogeton pectinatus collected from R.Douglas, S.Lancs.
prior to transplanting into Middlewich Branch. May 1990.

PLATE 4.6 (Bottom Right)

Submerged growth form of Nuphar lutea collected from Rufford Branch,
Leeds-Liverpool Canal, prepared for transplanting. May 1990.





PLATE 4.7 (Top Left)

Introduced specimen of Potamogeton pectinatus growing in boarded section,
September 1990. Note strongly apical growth form producing canopy
spreading across surface of highly turbid water.

PLATE 4.8 (Top Right)

Growth of native Potamogeton pectinatus on silt in post section in early July
1990, prior to main traffic peak.

PLATE 4.9 (Bottom Left)

Rank growth of bankside vegetation (mainly Juncus spp and Urtica dioica) in
October 1991 after exclusion of livestock, and colonisation of wooden
structures by annuals and ruderal species including Rumex hydrolapathum,
Carex otrubae, Lycopus europaeus and Impatiens capensis. Compare with
Mate 4.3.

PLATE 5.1 (Bottom Right)

Fish removal from open treatment section in May 1992. Note position of
float-line on micro-mesh seine net used to enclose treatment prior to fishing
and design of square framed landing net.





fine sand-silt substrates, samples of stone from different plots were collected to determine

interstitial volumes. In the laboratory various mixes and configurations of stone were

reassembled into a 0.15m deep stone bed structure and their interstitial volume calculated

by water displacement. These samples of stone were also used to analyse size

distributions of stone applied to different plots.

2.3.2 Bed protection 

A wooden frame was erected parallel to the bank using 2" square pine posts driven

into the canal bed. Two wooden planks (10" x 1") were attached horizontally to the inner

face of these posts, at water level and in alignment with the bed (Figure 4.2). The post

treatment consisted of a line of 2"x 2" wooden stakes at 1.5 m intervals running parallel to

the bank and was intended merely to ensure exclusion of boats. The control comprised a

section of unmodified channel (PLATE 4.3, 4.4).

2.3.3 Planting

Potamogeton pectinatus was selected for use in this study as it is often the only

macrophyte found in canals at very high traffic densities. In other habitats it is also known

to be tolerant of high turbidity, riverine flows and turbulence. Potamogeton pectinatus

was collected in late April from the R. Douglas near its tidal limit at Rufford, Lanes (NGR

SD468156). Due to the accessibility of a large, productive population of P. pectinatus,

this site was preferable to alternative canal locations. There were no obvious

morphological differences between these plants and those native to the Middlewich Branch

canal and the sites were considered comparable in view of their high inorganic turbidity,

low flow rates and extensive soft sandy-silt deposits. Trial plantings of canal and river

plants during the 1991 season on an adjacent area of stoned bed demonstrated no

difference in growth performance or survivorship between individual plants from the

different sources, thereby suggesting that experimental differences in growth rate and

condition would be environmentally-induced and not attributable to genotypic differences

between populations. Rhizomes of Nuphar lutea were collected at the same time from a

nearby site on the Rufford Branch of the Leeds-Liverpool Canal. Although N lutea has a

relatively high traffic tolerance (Murphy & Eaton, 1983), it does not presently occur

anywhere on the Middlewich Branch (pers. obs.).

In the laboratory, plants were cleaned and washed to remove epiphytes and

invertebrates, then sorted for transplanting to the experimental site. P. pectinatus was

split into roughly equally sized bunches (fresh weight 10g) (PLATE 4.5). Sections of lily

rhizome (150mm in length) were placed in small, gravel-filled, hessian bags to increase
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anchorage and encourage rooting. The bags were secured with string around the base of

the developing submerged petioles (PLATE 4.6).

All plants were transferred to the site within 48-hours of collection and planted in the

designated treatment plots according to the design shown in Figure 4.2. Planting densities

used for Ppectinatus were roughly equivalent to those recommended by Kantrud (1990)

in a discussion of propagation techniques (3000 plant parts ha- I). Bunches of P.

pectinatus were planted directly into the substrate. Nuphar was interspersed with the P.

pectinatus and planted by excavating a sibaii pit in which to bury the rhizome. To

accentuate the contrast with planted plots, other plots were regularly weeded by

handpulling foliage and developing tubers of native P. pectinatus. In both seasons small

quantities of P. crispus grew on the periphery of several plots, but did not persist through

the summer.

2.4 Experimental design

The treatments listed were positioned in a simple unreplicated factorial design

comprising 12 consecutive 12x 1 m plots (Figure 4.3). This design, although statistically

weak, was considered optimal given limited resources, practical constraints in setting up

some treatments (eg. the minimum area of bed to which stone could accurately be applied

manually and the minimum length of bank required to construct a robust section of

boarding) and the possibility of edge effects of unknown magnitude. The stability of stone

against scour and mixing into adjacent plots was also unproven. With this arrangement a

3m buffer zone (equivalent to 33% of the effective length of each treatment plot) was

provided between adjacent treatments. An alternative design accommodating three

replicates of each treatment in the same length of bank would have required plots only 3m

long (allowing for a 1 m buffer zone between adjacent replicates in the same ratio as

above). Retaining a 3m buffer zone between replicates would have reduced sampling areas

to only lm, which would have been very vulnerable to disturbance during sampling.

Moreover, it was felt that single large (12m x 1m) plots were likely to encompass at least

as wide a range of natural, mainly substrate based, heterogeneity as several randomly

positioned but smaller plots, and that these larger plots were more likely to function as

self-contained microcosms.

Williams & Feltmate (1992) have discussed criteria for experimental design in

studies of aquatic invertebrates and the practical difficulties of meeting these criteria.

Although a randomized replicate design is undoubtedly the most rigorous approach to

inferring causal relationships, replication is sometimes impossible for physical or financial

reasons, especially in larger-scale field experiments. The widespread tradition of
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subsampling within single treatment plots, commonly mistaken for true replication, has

been addressed by Hurlbert (1984) in his review of 'pseudoreplication', defined as "the

use of inferential statistics to test treatment effects with data from experiments where either

treatments are not replicated (though samples may be) or replicates are not statistically

independent." In pseudoreplicative studies, variations between plots external to the

treatment regime cannot be partitioned from treatment effects themselves, so it is not

possible to establish a cause and effect relationship between the treatment variable (eg.

stoning) and the response variable (invertebrate densities). Statistical analyses then merely

offer a tool for describing spatial or temporal differences between treatments.

Precautionary checks, for example on abiotic variables, undertaken prior to treatment, can

however, be used to support logical conclusions based on, but not proven by these

differences (Williams & Feltmate, 1992), particularly when they are so large as to be

convincing without any statistical testing.

Heavily trafficked canals are well mixed systems, where the greatest physical

heterogeneity occurs in a lateral (ie. cross sectional) rather than a longitudinal plane. This

experiment utili7ed a straight, steel piled, unshaded length of canal, with minimal variation

in depth prior to treatment (mean depth between 0-1m out from bank = 46.3± 0.5 cm

[n=75] ) and well-mixed, uniform sediments composed of fine sand and silt. Indeed, it

would have been difficult to find a more uniform stretch of canal. There were no

detectable gradients in turbidity and oxygen concentration. An alternative replicated design

retaining 12xlm treatment plots would if feasible, have required an extra 300m of bank

and would have increased within-treatment variance by introducing additional sources of

variability due to depth and shading. It is also unlikely that downstream invertebrate drift

is sufficiently marked to substantially influence colonisation rates of sequentially arranged

treatments, although the extent (or even existence) of invertebrate drift in canals has not

been quantified. Locicages result in locally increased flow but directional water movement

is generally sluggish and greater turbulence is caused by two-way boat traffic. On these

grounds it therefore seems reasonable to attribute any observed differences in invertebrate

fauna between treatments to treatment effects.

2.5 Sample collection

Invertebrate populations were sampled twice yearly in July and October, during

1990 and 1991. Sampling was timed to reflect the range of invertebrate abundance

according to life history characteristics and to coincide with the mid-season peak and post

-season decline in boat activity and the parallel phase of peak macrophyte biomass and

subsequent senesence. Although more frequent sampling would have covered a wider
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range of invertebrate life histories, due to time constraints this could only have been

accomplished at the expense of precision in each sampling and analysis.

A separate investigation of the impact of treatments on fish distribution, effects of

fish predation on invertebrate species composition and density and the role of invertebrates

in fish diet was carried out in 1992 with sampling undertaken in May, July and October.

This study is described in detail in Chapter 5, but some results are referred to here for

comparative purposes and to support observations.

Nine replicates were collected from each treatment plot on every sampling occasion.

Sample collection itself was rapid and the degree of replication was dictated only by the

time taken to process and sort samples in the laboratory. Each sample location

corresponded to a pre-determined, randomly allocated, unique position on a sample grid.

The total area sampled on each occasion affected less than 1% of the treatment plot area

and the use of alternate subplots ensured adequate time for complete recovery of the fauna

in the disturbed surrounding substrate, prior to the next round of sampling. A steel bin

corer (0.01 m-2) was used to remove a cylindrical plug of sediment of sufficient depth,

usually about 0.15m, to reach the clay lining of the canal. The inclusion of a small plug of

solid clay at the base of the core ensured complete retention of the sample during its

withdrawal. The stone incorporated within cores taken from stoned plots was handpicked

from the sample, scrubbed clean in the mouth of the net to ensure removal of attached

animals and replaced in the space left by the core. Samples were concentrated on site as far

as possible, by washing through a 250 gm pond net and then bagged up, labelled and

preserved in 70% ethanol. On each sampling visit a small number of samples were left

unpreserved and were processed immediately on return to the laboratory to assist later

identification of preserved animals from which colour and behavioural characteristics are

lost.

Aquatic macrophytes were deliberately avoided during sampling of benthic

invertebrates to minimise unnatural damage. To assess the epiphytic invertebrate fauna, a

single destructive harvest was performed in October 1991, by enclosing each bunch of

plants in a polythene bag and then cutting it free at the base. Losses of animals by this

method should be negligible since the degree of disturbance during sampling is minor

compared to that routinely endured by plant-associated animals in a heavily trafficked

canal. Due to the small amounts of vegetation surviving in October only a single overall

collection was merited from each treatment plot and no statistical inference was possible

from these results. In May 1992 a separate set of replicated samples (n=7) was collected

from Plot 9 during weeding in preparation for a fish exclosure study. These data are
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included for comparative purposes. Samples were sorted immediately on return to the

laboratory.

An evaluation of this sampling protocol, including choice of sampler, area to sample

and number of replicate samples to be collected is given in Appendix 4.1.

Turbidity and suspended solids concentrations were monitored at irregular intervals

over three years. Measurements of water temperature could not be collected sufficiently

often to be useful so mean monthly air temperatures for 1990-92, recorded at Manchester

Airport, were obtained courtesy of Manchester Weather Centre. This meteorological

station appears to be sufficiently close (34km NE) and similar in topography to the

experimental site to provide a satisfactory estimate of temperature changes there, within

and between years. These were assessed by reference to a 30 year average based on the

period 1951-1980. Previous studies have established a strong correlation between air and

water temperature (eg. Crisp & Howson, 1982) which appears to be extendable to canals

(Staples, 1992). Estimates of air temperature for the site should therefore give a

reasonable impression of water temperatures.

2.6 Sample processing

Samples preserved in 70% ethanol were sorted by repeated washing to separate the

lighter detrital material, plus the majority of organisms, from inorganic sediment. Some

samples, especially those from unstoned treatments, contained a large volume of solid clay

which could only be dispersed by vigorous washing, so the preparatory stages of sample

processing were often time-consuming.

The large mineral fraction, including larger ostracods and mollusc shells, principally

those of the bivalve Pisidium, was screened by passing through an 8501.im sieve. This

was shown to retain >95% of the Pisidium, which were then removed by handpicking at

10x magnification under a stereo-zoom dissecting microscope. Only specimens alive at the

time of sampling were counted, although damaged, empty or silt-filled valves, in addition

to shells of a variety of gastropods (mainly Potamopyrgus jenkinsii ), were often

numerous. Specimens of larger species such as Anodonta cygnaea, Viviparus viviparus

and Sphaerium transversum were removed during the preliminary stages of sample

preparation. The finer sediment fraction was discarded after inspection of random samples

confirmed only the presence of ostracods at very low densities. Small psammophilous

chironomid larvae, which attach themselves to sand grains by a silken thread and may

therefore escape detection in wash and sieve sample processing have been shown to occur

abundantly in the shifting sands of lowland rivers (Soluk, 1985), but careful searching

failed to reveal any in unsieved samples from the Middlewich Branch.
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The detrital material was concentrated by rinsing through a 500pm sieve and

invertebrates were handpicked from sub-samples of detritus mixed with water in a petri-

dish examined at 25x magnification. Frost (1971) showed that counting efficiency was

maximal under these conditions. The 250-500gm fraction from some samples was

retained for detailed examination of the meiofaunal component. It was found that the

exclusion of this size fraction from routine counting saved c.50 minutes per sample in

sorting time and only resulted in a significant loss of benthic microcrustaceans (mostly

cyclopoid copepods and the macrothicia ilyocryptus sordidus), plus some of the smaller

nematodes and early instar chironomid larvae. The inclusion of data on these taxa in

subsequent analyses based only on their abundance in the coarser size fraction

(ie.>500pm) assumes that they are systematically undersampled by this method.

An evaluation of this sample processing technique, including a discussion of mesh

size selectivity and alternative sample concentration methods may be found in Appendix

4.2.

During processing of samples collected in October 1991, the detrital fraction was

retained and dry-weighed after the animals had been extracted. Detritus was first separated

by sieving into coarse (>1mm) and fine (>0.5 to <1mm) particulate organic matter

(Cummins, 1974), henceforth referred to as CPOM and FPOM respectively. Dry weight

of organic matter expressed in g100cm-2 has been used in several other studies of benthic

macroinvertebrates (eg. Fahy, 1975; Grzybkowslca, 1991) and provides a crude but rapid

and inexpensive assessment of substrate organic matter content.

Fresh samples of Potamogeton pectinatus were placed in a 250pm sieve and washed

vigorously under running tap water for several minutes to dislodge associated animals.

Plants were also examined under a low-power, stereo-zoom microscope, to ensure

removal of chironomids and small oligochaetes which can remain concealed in stipular

tubes (pers. obs.).

Wherever possible, animals were identified to species, although this was not feasible

in the case of the Chironomidae, due to time constraints and lack of experience. Random

samples of tubificids cleared in lactophenol were all assignable to Limnodrilus

hoffineisterii on the basis of chaetal structure. The time costs of identification were initially

high, but were negligible when spread over a large number of samples where the

encounter rate of previously unidentified taxa was very low. Terrestrial invertebrates were

identified only as far as order. A full taxonomic listing of all species recorded is given in

Table 4.1.
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Table 4.1. Full list of invertebrate taxa recorded in the Middlewich Branch
of the Shropshire Union Canal, 1990-1992.

TRICLADIDA
Dugesia tigrina (Girard)
Polycelis tenuis Ijima
Dendrocoelewn lacteum (Muller)
NEMATODA
OLIGOCHAETA
Naididae
Limnodrilus hoffmeisterii Claparede

Lumbricidge
HIRUDINEA
Pisicola geometra (L.)
Glossiphonia complanata (L.)
Helobdella stagnalis (L.)
Erpobdella octoculata (L.)
BIVAL VIA

Pisidium (spp)
Sphaerium transversum (Say)
Unio pictorum (L.)
Anodonta cygnaea Lam. (L.)
GASTROPODA
Acroloxus lacustris (L.)
Bithynia tentaculta (L.)
Viviparus viviparus (L.)

ARACHNLDAt
HYDRACARINA
ORIBATEI
CRUSTACEA
CLADOCFRA
*Ilyocryptus sordidus (Lieven)
*Alona affinis (Leydig)
*Alonella excisa (Fischer)
*Chydorus spahaericus (0.F. Muller)
*Pleuroxus uncinatus Baird
*Daphnia sp.
*Sinwcephalus vetulus (0.F. Muller)
*Sida crystallina (0.F. Muller)
*OSTRACODA
COPEPODA
*Canthocamptus (spp)
*Cyclops (spp)
*Diaptomus gracilis Sars.

MALACOSTRACA
Corophium curvispinum Sars.
(var devium Wundsch)
Asellus aquatic us L.
Gammarus pulex (L.)
Crangonyx pseudogracilis Bousfield

COLLEMBOLA
Sminthurides
EPHEMEROPTERA
Caenis luctuosa (Burmeister)

ODONATA
Coenagrionidae
ORTHOPT'ERAt
HEM IPTERA (HOMOFTERA)
Delphacidaet
Aphididaet
THYSANOPTERA
Thripidaet

MEGALOPT'ERA
Sialis lutaria (L.)
LEPIDOPT'ERA
?Nymphula nymphaeata (L.)

TRICIIOPTERA
Pluyganea bipunctata Retzius
Arthripsodes aterrimus (Stephens)
Ecnomus tenellus Rambur
Ti nodes waenerii (L.)

DIPTERA
Psychodidae
Tipulidae
Dixidae
Culicidaet
Chironomidae
Tanypodinae
Ceratopogonidae

other DIFTERAt
HYMENOPTERAt
COLEOPTERA
Haliplidae
Elmidae
Staphylinoideat

Principal invertebrate taxa which are considered in detail are shown in bold lettering
* collectively referred to as `MICROCRUSTACEA' f Terrestrial Invertebrates
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2.7 Data analysis

A statistically sound approach to the analysis of aquatic invertebrate data is

notoriously difficult, especially when the use of a pseudoreplicative design restricts the

analytical options available. Benthic animals are almost always contagiously distributed

(Elliott, 1977; Downing, 1979; Resh, 1979; Morin, 1985). Population density estimates

are themselves therefore invariably non-normal and non-random in their distribution.

Since parametric statistical analysis requires that data be normally distributed and

homoscedasic (ie.with variances equal and independent of the magnitude of the mean) and

that the effects of treatment factors are additive (Scheffe, 1959), raw data must first be

transformed to satisfy these standards, or 'distribution free' non-parametric tests must be

used. Non-parametric tests are frequently regarded as inferior because they are less

powerful or sacrifice quantitative data by employing ranking techniques. Where no

universal transformation is available to normalise a multi-species data set, non-parametric

tests may be the only valid form of analysis and may in fact be more powerful for a non-

normal distribution than their parametric equivalent (Zar, 1974).

Logarithmic or square-root functions are often recommended for use in analysis of

benthic invertebrate data (eg. Elliott, 1977). By stabilising the variance in a skewed data

set (ie. removing its dependence on the mean) it may also be possible to appease the

requirements for normality and additivity (Snedecor & Cochran, 1967). However, from

an analysis of nearly 1500 data sets, Downing (1979) showed that few taxonomic groups

of invertebrates were sufficiently contagious in their distribution to justify the logarithmic

transformation (log x or log x+1) to normalise a negative binomial distribution (Elliott,

1977), but that random or near-random distributions (as described by a Poisson series),

for which a square root transformation would be appropriate, were also rarely

encountered. Use of these transformations would therefore respectively over- or under-

compensate for contagion. Both however, still appear widely in the ecological literature

while tests to confirm their desired variance stabilising effects (Scheffe, 1959) are very

rarely applied.

In ecological data, the variance associated with an estimate of the population mean

generally increases with the size of the sample mean. This relationship is described by

Taylor's Power Law (Taylor, 1961) which is expressed as

s2 =axb

where s2 is the variance of a set of replicate samples, a is a constant which may be

regarded as a sampling factor, x is the arithmetic mean density and b is the slope of the
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log-log regression of variance on the mean and may be considered as an index of

dispersion (Taylor et al. 1978). Taylor (1961) found that this value could be used to

stabilise the variance in a data set, according to the following equation

Hence, from a log-log regression of sample variance on the mean it is possible to calculate

an exact variance stabilising transformation for any data set. Downing (1979) proposed

the use of a fourth root power function (ie. X'=X 0.25) to transform invertebrate data,

based on the exponent in Taylor's Power Law when applied to his data set. This function

was shown to normalise the distribution of most invertebrate taxa present across a wide

range of densities, in different substrates and sampled with a variety of equipment.

Taylor's Power Law was fitted to the mean densities and variances of the principal

taxa recorded in the present study, each data point being based on nine replicate samples,

in an attempt to calculate a variance stabilising function. The results are shown in Table

4.2. All species were to a greater or lesser extent aggregated in their distribution but never

sufficiently contagiously to warrant a logarithmic transformation (b=2; Taylor, 1965) and

only very rarely uniformly enough for a square root transformation to have been effective

(b=1). The transformations calculated for each species were subsequently utilised to

normalise data for parametric tests such as linear regressions. Because of the considerable

overlap in the slope of the regressions of variance on the mean for the different txta, it

was considered justifiable to calculate an overall variance stabilising function by

incorporating values for all species in a single regression. A slope of 1.554 is closely

comparable to the value of 1.462 obtained by Downing (1979) based on a much larger

data set. The difference in values is presumably due to a slight bias towards individually

more contagiously distributed species in the canal data set. A simple non-parametric

technique based on X 2 tests of the distribution of residuals (positive or negative), devised

by Tsutakawa & Hewett (1977) was then used to determine whether or not individual

species differed significantly from the overall regression. Results are shown in Table 4.2.

Corophium had a disproportionately large number of positive residuals indicative of a

more contagious distribution than expected at any given density while the location of

Ceratopogonidae, Chironomidae and terrestrial taxa was biased to the negative side of the

regression. This illustrates the difficulties of generating a universal transformation

effective for an entire data set (cf. Drake, 1982). Since Corophium and chironomids were

two of the most frequent and abundant taxa recorded (especially on stones) it was felt

inappropriate to rely on only a partial normalisation of the data and non-parametric Mann-

Whitney and Kruskall-Wallis tests were therefore used for 2- or 3-way comparisons

respectively of treatment effects.
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Table 4.2 Power functions for data transformation based on regressions
of log variance against mean density

TAXON RA2 b 1-1312 XA2

Nematoda 22 0.869*** 1.591 0.205 n.s.
Limnodrilus hoffineisterii 24 0.901*** 1.412 0.294 n. s.
Hirudinea 10 0.927*** 1.169 0.416 n.s.
Corophium curvispinum 20 0.959*** 1.666 0.167 (-)**
Asellus aquaticus 18 0.920*** 1.349 0.326 n.s.
Crangonyx pseudogracilis 3 1.000** 1.381 0.309 n.s.
Gammarus pulex 5 0.975** 1.668 0.166 n.s.
Microcrustacea 24 0.933*** 1.743 0.129 n.s.
Ceratopogonidae 13 0.870*** 1.136 0.432 (+)*
Chironomidae 24 0.831*** 1.476 0.262 (+)**
Ecnomus tenellus 20 0.891*** 1.093 0.454 n.s.
Caenis luctuosa 7 0.872*** 1.246 0.377 n.s.
Hydracarina 13 0.944*** 1.187 0.407 n.s.
Pisidium 24 0.744*** 1.421 0.289 n.s.
Terrestrials 23 0.881*** 1.303 0.349 (+)*
Total number 24 0.560*** 1.303 0.349 n.s.

SUBSTRATE

Sand-silt 126 0.965*** 1.568 0.216
n.s.

Stone+sand-silt 160 0.953*** 1.545 0.228

POOLED DATA 286 0.958*** 1.554 0.223

n is the number of sets of observations used to provide data points. Each value is based
on the variance and mean of 9 individual samples. R^2 is the linear regression coefficient
b, an index of contagion, is the slope of the regression with larger values indicating
increasing aggregation. 1-b/2 is the exact variance stabilizing function (Taylor, 1961)
Chi-square tests were used to determine the significance of the deviation of the regression
for individual taxa from the regression for the pooled data set. +/- = higher/lower variance
than overall regression. n.s. = non-significant. *13<0.05; **P<0.01; ***P<0.001



Due to the experimental design, specifically the lack of true replicates, it is

impossible to assign an error term to treatment effects. Multiway ANOVA cannot therefore

be used to quantify the relative significance of treatment effects or to reveal interactions

between treatment factors. The effect of a single treatment factor on a given species or

group of species was assessed by pooling raw data from across the range of other

treatments and subjecting it to Mann-Whitney (stoning or planting) or Kruskall-Wallis

(bed shielding) tests. Where these tests showed that significant differences existed

between treatments, parametric t-tests or one-way ANOVA corroborated these differences

at a similar level of significance in more than 95% of cases. Mean density and standard

error of principal species at various levels of a treatment factor are displayed graphically.

Canonical Correspondence Analysis (CCA) was used to investigate the relative

importance of different treatments in explaining the response of individual species and as a

means of suggesting interactions between treatments (see Chapter 3). This technique of

multivariate analysis is preferable to indirect gradient analysis, such as Principal

Components Analysis, because it allows direct testing of relationships between

community data and environmental variables. Since ordination techniques require data to

be normally distributed, a fourth-root transformation as proposed by Downing (1979) and

endorsed for this data-set was used to provide an optimum approximation for all species to

normality. The values for Hirudinea (all species combined), Caenis luctuosa,

Ceratopogonidae and Hydracarina were zero weighted to remove their potentially

distorting effects on the ordination of other species and samples.

A biologically meaningful index was sought for the measure of diversity and

evenness. The absence of an unequivocal definition of diversity creates a problem in the

choice of an appropriate measure while information theory-based indices and the whole

concept of diversity have been the subject of intense criticism (see Hurlbert, 1971).

Simpson's (1949) index has a straightforward biological application in being the

probability that an individual of one species will randomly encounter an individual of a

different species and was therefore used in this study. The reciprocal of this probability

can be shown to be equivalent to the minimum number of equally abundant species that

would be required to give a probability of encounter as extreme as that observed with an

empirical sample of unevenly distributed species (Hurlbert, 1971). Diversity, D, was

therefore measured as:

D=1/E Pi2

where P is the proportion of the i th species out of the total number of individuals present.

Species evenness is generally accepted to be a measure of observed diversity relative to the

theoretical maximum diversity (ie. all S species present in equal numbers). By employing
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a correction for minimum diversity (ie. all but one S species represented by a single

individual) the evenness value becomes independent of S. Evenness, E, was therefore

measured as:

D - Dmin
E= 	

S - Dmin

where D min =	 N2

N2 +(S - 2N) (S - 1)

3. RESULTS

3.1 Physical variables

3.1.1 Turbidity and suspended solids

During May-September, the main period of boat traffic, suspended solids

concentrations averaged 85mg1-1 and ranged as high as 190mg1-1. Mean turbidity during

this period was 45 NTU, giving rise to light transparencies based on spot Secchi disc

readings of <0.25m. Between October - April, a background period when few boats are

moving, TSS remained around 35mg1- 1 (10-15 NTU). Paired t-tests indicated that both

TSS and turbidity remained similar inside and outside boarded areas during the duration of

the study (TSS t=0.216; P=0.835; N'TU t=0.846; P=0.422).

3.1.2 Temperature

Mean monthly air temperatures recorded at Manchester Airport during 1990-92 are

shown in Figure 4.4. For each year a full set of data is shown to allow for the probability

that invertebrate populations are influenced by temperature changes some time ahead of the

sampling period.

1990 was characterised by an exceptionally mild winter (2.8 - 3.9°C above average),

followed by a period of typical spring temperatures and then a hot summer and fairly

typical autumn. In 1991 by contrast, a cold winter (1.2°C below average) was followed by

a warm March but then cool spring and thereafter above average temperatures (+1.2 - 2°C)

until October. 1992 was unusual in that temperatures were well above average (typically

by 2°C) for the first six months, then falling back to average or below for the rest of the

year.
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3.2 Invertebrate responses

3.2.1 Seasonal variation 

In both years, all the main species exhibited marked increases in abundance

between July and October. Raw data is deposited in Appendix 4.3. Only Ceratopogon

midge larvae and nematodes occurred at higher densities in the summer or showed no

marked change between sampling dates. This seasonality is discussed in terms of the life-

histories of the individual species in section 4.4. Because population sizes of many

species were unexpectedly low in July, the precision attached to estimates of their

population sizes using the sampling programme described, was rather poor. As a result,

specific treatment effects which were then only just emerging, were often not detected

until the autumn. In October, nine replicate samples provided a high level of precision for

population estimates of all but the scarcest species and exposed clear-cut differences

between treatment plots. Greater attention is therefore given to the October data in the

analysis and discussion of results.

3.2.2 Year to year variation 

Results based on pooled data show that between October 1990 to October 1991,

there were highly significant declines (P< 0.001) in the densities of Asellus aquaticus,

Microcrustacea, Limnodrilus hojfineisterii, Pisidiwn and terrestrial invertebrates (Table

4.3). Leeches also declined but not significantly. Gammarus pulex was not recorded in

1991. Densities of chironomids and Ecrwmus tenellus were stable. Mites and

Ceratopogon showed statistically significant increases over this period (P=<0.002).

Corophium curvispinum and Caenis luctuosa showed non-significant increases. These

changes in combination amounted to a small reduction in mean species richness per

sample.

3.2.3 Effects of individual treatment factors

3.2.3.1 Stoning

Stoning produced an immediate, comprehensive change in the structure of the

canal bed. When stone was added, 60% of the underlying soft silt substratum was

displaced and the remaining 40% extruded into the stone interstices as the layers of stone

were compacted. The more open interstices near the surface of the stone bed were

rapidly invaded by silt. Interstitial volumes of stone plots as calculated by water

displacement were very consistent both within and between stone treatments (Table

4.4), despite some differences in mean particle size and particle size distribution (Figure

4.5). In all sections the majority of particles were less than 30g in weight with the

numbers of stones in progressively larger size classes then declining exponentially. The

size distribution of stone in the posted section was more strongly skewed due to the
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Table 4.3 Changes in overall population densities of principal
invertebrate taxa 1990-91

YEAR/TAXA 1990 1991 Direction and

mean density n.m-2 significance of change

Nematoda 60 99 + n.s.

Limnodrilus hoffineisterii 5679 1891 _ ***

Hirudinea 31 20 - n.s.

Corophium curvispinum 1509 1948 + n.s.
Asellus aquaticus 309 75 _ ***

Crangonyx pseudo gracilis 8

Gammarus pulex 59 -

Microcrustacea 935 106 _ ***

Ceratopogonidae 2 16 4. ***

Chironomidae 704 664 ± =

Ecnomus tenellus 203 187 ± =

Caenis luctuosa 9 22 (+)
Hydracarina 7 30 + **

Pisidium 859 273 _ ***

Terrestrials 278 65 _ ***

TOTAL-f- 10654 5473 _ ***

mean no. aquatic taxa
per sample

6.58 5.94 (-)

+ = increase; .- = decrease; ±= stable. Mann-Whitney U-test used to determine
significance of change. ***P<0.001; **P<0.01; *P<0.05; () 0.1>P>0.05.
tIncludes non-principal taxa.
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Figure 4.5 A comparison of particle size composition (by weight) of
stone applied to different bed shielding treatments
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Table 4.4 Comparison of geometric mean stone sizes and interstitial
volumes of stoned areas in main sub-plots.

Treatment plot	 geometric mean stone size 	 interstitial space as % of
(g)	 total volume (±1 S.E.)

CONTROL	 29.16	 39.9 ± 0.7

BOARDING	 27.63	 42.1 ± 0.7

POSTS	 23.84	 39.3 ± 1.3

prevalence of the smallest size class (10-20g), combined with the presence of a very small

number (<2% of the total) of individually much larger stones (200-600g), which escaped

screening. Arithmetic mean was consequently a poor descriptor of mean stone size and

differences between the plots were reflected most clearly by geometric means.

The stone remained stable over a three-year period and showed no tendency to

slump laterally into the main channel. Over this period there was no evidence of

smothering of exposed stone faces due to silt deposition and light microscopy indicated

that most stones from the uppermost layer supported a mixed film of organic matter and

epilithon. After two years in place some of the larger clasts were found to support a short

turf of the green filamentous alga Cladophora glomerata or young plants of the aquatic

bryophyte Rhynchostegium ripariodes.

Effects on benthic invertebrates

The addition of stone introduced an assemblage of species which were otherwise

either unrecorded or found only at very low densities. Many species displayed significant

differences in density between stoned and unstoned plots in July (particularly in 1990),

but this effect was always most pronounced in October (Figure 4.6). Principal taxa which

displayed statistically significant increases in stoned plots in both years included, in

descending order of abundance, Corophium curvispinum (3406 ±456 cf. 99 ±33

individuals m-2) and Chironomids (1150 ±96 cf. 231 ±45 individuals m- 2), together with

Asellus aquaticus, Ecnomus tenellus, Gammarus pulex (October 1990 only), various

leeches, Caenis luctuosa. and hydrachnellid mites. Conversely in terms of mean areal
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density, numbers of tubificids in stoned plots were only half those recorded on natural

substrate (2555 ±275 cf. 4963 ±479 m- 2), while numbers of Pisidium were cut to 58%

(411 ±47 cf. 713 ±79 individuals m-2) .

Using empirically derived interstitial volumes for the stone substrate (Table 4.4) it

is possible to compensate for the difference between stoned plots and natural substrate in

the volume of colonisable substrate available to the benthos. This is important because

many of the animals sampled from stoned areas appear to cccur in the interstitial substrate

rather than on the stones themselves, yet the volume of substrate available to them is only

40% of that in equivalent samples of soft sediment, because stones physically occupy

60% of the sample volume. Since the two substrates were sampled to the same depth and

the majority of animals appear to be distributed in the upper 50mm, the transformed

values can be expressed in numbers per unit area of colonisable substrate. This provides

a standardized basis for comparisons between the two substrates. Concentrations of

detritus can also be treated in the same way to permit hypotheses regarding the

distribution of detritus between substrates to be tested.

For the species described above as being stone associated, this transformation

merely serves to accentuate substrate-based differences, but in the case of infaunal

species common to both substrates, the effects are more subtle (see Figure 4.7). In

October 1990 for example, relative densities of tubificids and Pisidium, characteristically

the dominant infaunal taxa, were significantly higher on stoned areas than on open silt,

while microcrustaceans and nematodes also occurred at much higher, but not quite

significantly greater densities in stoned areas. In October 1991 these differences had

diminished. Only Pisidium approached significantly higher densities in the interstitial

spaces, though the other taxa in this category were still at least as common in the stone

interstices as on open silt. These results suggest that populations of soft-bed infaunal

animals living in the interstitial matrix of a layered stone-bed, range between a

concentrated version and a straight subsample of an open silt infaunal community. It was

not valid to apply this transformation to Corophium , because an undetermined fraction of

the population was living attached to the stones themselves.

In addition to the response of the principal taxa already described, several other

species, including Sialis lutaria and Sphaerium transversum, were also encountered in

small numbers on stoned areas with sufficient frequency to suggest that this was not due

simply to chance occurrence. Consequently, in both years, samples from stoned areas

consistently contained significantly more species on average than those collected on open

silt (Figure 4.8). Stoning was the only treatment factor to be associated with a significant

change in species richness. Between 1990-91 however, there was a highly significant
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Figure 4.6 Areal densities of principal invertebrate taxa on stoned and
unstoned areas of bed in July and October 1990-91.
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(P<0.0001) 20% decline in mean species richness in samples collected from stoned

areas. This was caused by a decline in frequency of some stone-associated species such

as Asellus and the apparent absence of species previously represented by only a few

individuals. The much lower species richness in samples collected from natural substrate

was unchanged over this period.

Diversity (reciprocal of Simpsons index) showed a similar pattern to species

richr,:ss but was also higher in stone plots during July 1991 because these samples were

less heavily dominated by Limnodrilus, Chironomids and nematoda than those taken on

silt (Figure 4.9). Evenness was however, significantly higher on stone only in October

1990 reflecting the predominance of Corophium in October samples from stoned areas

during 1991 (see Figure 4.6). Stoning was again the only treatment which produced a

significant effect on community diversity and evenness.

In terms of species composition, the most significant positive effect was on

Corophium and Chironomids. After stoning, these two taxa collectively accounted for

49% of the benthic fauna by number over a two year period, compared to only 5% on

natural substrate. By contrast, the main infaunal taxa, Limnodrilus and Pisidium,

represented 82% of total invertebrate numbers on unmodified substrate compared to 43%

in stoned areas. The overriding influence of stoning on species composition is evident

from the C-CA biplots foi the October data (Figures 4.10a and b). Species scores are

based on the weighted average of the site scores. For simplicity, treatment factors are

indicated by their centroid which is equivalent to the weighted average of all samples

relating to that treatment. The strength with which samples belonging to a given treatment

influence the position of a particular species in the ordination may be judged by its

proximity to the centroid. Species which are closely grouped in the ordination occur

together in samples at high relative abundances. Thus Asellus, Corophium, Ecnomus,

Hirudinea and Caenis, which are most characteristic of stoned samples, are closely

grouped on the left of the diagram. Pisidium, Limnodrilus and microcrustacea which

occur together at highest relative abundance are clustered to the right of the diagram,

although their association with the 'nostone' centroid is less absolute owing to their

frequent occurrence on both types of substrate. In both diagrams it is evident from the

change in eigenvalues that almost all the separation of species is based on Axis 1, with

which stoning is very closely correlated (r= 0.98) and only a minor degree of separation

is achieved by the second (vertical axis) which corresponds to the bed shielding

treatments.
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Effects of stoning on detritus

Comparison of the concentration of CPOM in stoned and unstoned areas reveals

that unstoned areas have a significantly higher mean density (1.28g100cm-2) than stoned

areas (0.53g100cm-2), based on raw areal values. Using transformed data, the values for

stoned and open substrate are almost identical (1.33 and 1.28g 100cm-2 respectively).

See Figure 4.11 and Table 4.5. Contrary to expectations there is therefore no evidence

that stoned areas either concentrate or accrue detritus by entrapment and retention within

the interstitial spaces. When stone is first added to the bed, the interstices are immediately

invaded by silt and detritus intruded from below and therefore presumably receive only a

subsample of sediment relative to their reduced volume, with the proportion of organic

matter unchanged. Filling of the interstitial space by silt also removes the capacity to

concentrate and accumulate detritus deposited at the sediment-water interface.

Table 4.5 Comparison of mean concentrations of coarse detrital material
in planted and unplanted plots with respect to substrate type.

TREATMENT PLANTED UNPLAN'TED OVERALL

STONED (n=36) 1.35 ± 0.16 1.32 ± 0.16 1.33 ± 0.13

UNSTONED (36) 1.24 ± 0.16 1.32 ± 0.15 1.28 ± 0.11

OVERALL (n=72) 1.30 ± 0.13 1.32 ± 0.11 1.31 ± 0.09

Values are g dry weight CPOM per 100cm-2 , ± 1 S.E.

Relationship between invertebrates and detritus

Densities of animals from samples collected in October 1991 were plotted against

dry weight of CPOM to test for linear correlations. Fourth root transformed densities

were used in an attempt to meet the requirement of normality for the dependent variate in

regression analysis. The correlation between density of animals in stoned and unstoned

plots and weight of CPOM was determined using samples pooled over the range of other

treatments. Results are given in Table 4.6. The low R2 values indicate that for all species,

variations in detrital concentration explained relatively little of the variation in invertebrate

numbers within a particular bed treatment. On stoned areas only the Ceratopogonidae
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Figure 10a. CCA biplot for October 1990 invertebrate data
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Figure 10b. CCA biplot for October 1991 invertebrate data
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exhibited a significant positive correlation with weight of CPOM, although even then,

CPOM explained only 7.8% of the variation in the density of this taxa. Asellus aquaticus

and Ecnomus tenellus were significantly negatively correlated with CPOM with R2

values of 0.123 and 0.114 respectively. On unstoned areas, Corophium curvispinum was

strongly positively correlated with CPOM (R2 = 0.189; P = 0.001), while Chironomids

and the number of aquatic taxa present were weakly positively correlated with detritus.

Table 4.6 Pearson correlation coefficients for invertebrate densities
against CPOM

TREATMENT

TAXA/CORRELATION

STONED (n=52)

R2	 P

UNSTONED (n=53)

Nematoda 0.036 0.177 0.052 0.102

Limnodrilus hoffineisterii -0.003 0.686 -0.001 0.848
Hirudinea -0.012 0.437 -0.007 0.543
Corophium curvispinum -0.046 0.126 0.189 0.001 **

Asellus aquaticus -0.123 0.011 * -0.011 0.459
Crangonyx pseudogracilis 0.022 0.292 -0.005 0.606
Microc-rustac,ea -0.012 0.431 0.001 0.837
Ceratopogonidae 0.078 0.045 * 0.031 0.206
Chironotnidae 0.006 0.591 0.077 0.045 *
Ecnomus tenellus -0.114 0.015 * 0.039 0.159
Caenis luctuosa -0.002 0.747 - _

Hydracarina 0.007 0.546 -0.004 0.659
Pisidium 0.001 0.832 0.005 0.663
Terrestrials <0.001 0.955 -0.074 0.048 *

TOTAL -0.001 0.852 0.005 0.612

no. aquatic taxa -0.023 0.285 0.115 0.013 *

** P<0.01; * P<0.05
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Concentrations of CPOM across all samples were wealcly correlated (r=<0.5) with

the axes of a CCA biplot for the October 1991 invertebrate samples (Figure 4.10b).

Monte Carlo random permutation tests (99 unrestricted random permutations; ter Braak,

1987a) rejected detrital concentration as a significant influence on the composition of the

invetebrate samples.

For half the treatments (4 involving stoned and 2 for non-stoned treatments),

FPOM (in this case 500-1000pm) was also measured with the aim of comparing the

relative strengths of CPOM, FPOM and 'total' organic matter as predictors of invertebrate

densities. Despite FPOM being strongly correlated with CPOM (R 2 = 0.63; P = 0.0001),

as illustrated in Figure 4.11, the use of FPOM did not improve the prediction of

invertebrate densities in these samples (see Table 4.7). The only significant correlation

noted was a negative relationship between densities of Corophium on unstoned areas and

the density of FPOM. No significant correlations were found when the total organic

matter was used as the independent variable. However, when FPOM was expressed as a

proportion of total organic matter, on stoned areas, significant positive correlations with

numbers of Asellus and total aquatic species were found, together with non-significant

correlations with densities of chironomids and Ecnomus tenellus. On unstoned areas,

this produced negative correlations with the density of Corophiuin and Ceratopogonidae.

3.2.3.2 Planting

Fate of plantings

Plants of P. pectinatus persisted on all substrates throughout the experiment On

stoned areas there was no evidence of plant growth outside the planting design to suggest

colonisation by native P. pectinatus plants. Stoning may initially therefore displace or

damage existing turions or seeds, or bury them to depths at which they can no longer

germinate and thereafter provides an inhospitable substrate for seeds, turions or tubers

deposited at the sediment surface. All introduced plants nevertheless survived and grew

well (PLATE 4.7). Furthermore between May and October the biomass of plants on

stone doubled (from 0.25 to 0.53g dry wt m- 2), while the biomass of those on natural

canal substrate decreased by 70% (from 2.5 to 0.72 dry wt m- 2). Thus in both years, by

October, plants on stone had produced stands that were visually indistiguishable from

those on silt, even though initial planting densities on stone provided only about 10% of

the starting biomass of native plants growing on natural substrate. Stoning may stabilise

soft substrate sufficiently to reduce plant losses by scouring, abrasion and uprooting,

without enhancing the growth of individual plants. Overall, planting, even on this scale,

was surprisingly successful given the advice of Kantrud (1990) to concentrate planting

efforts away from waters of high turbidity and wave action.
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Figure 4.13 Plants of Nuphar lutea in October 1991, two seasons after transplanting
into the Middlewich Branch.
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Prior to senescence, the mean standing crop of both native and introduced plants

behind the boarding was visibly higher than in the two unboarded treatments (in

September 1991, 1.4gDWm- 2 cf. 0.25gDWm-2 in post and control plots combined),

although start-of-season standing crops were roughly similar in all bank shielding

treatments (c.2.5gDWm-2). Since turbidity was unchanged by the addition of boards

(paired t-test P=0.8), differences in water clarity cannot be invoked to explain these

biomass differences. Boarding might be expected to reduce boat wave energy reflected

off the bank and thereby provide more stable conditions near the bed, hence reducing

losses or damage to plant tissue caused by scour and turbulence. Casual observations

over course of the growing season suggest that these values conceal a general biomass

increase in all plants until late June, when relatively extensive beds may form (PLATE

4.8), followed by a rapid contraction of unprotected stands, especially those on soft

substrate, due to high biomass losses imposed by heavy peak season boat traffic.

These results can only suggest general trends. Extensive destructive sampling

within small replicate plots would be needed to provide properly quantified and

statistically tested verification. Because it is difficult to obtain adequate native material in

early spring and planting on stone is time consuming, this was outside the scope of the

present study, although further study of these trends would be useful.

Plantings of Nuphar lutea did not establish. By the end of the first season the only

plants surviving were the six which had been planted on stoned areas and the physical

condition of these plants had deteriorated. Plants were damaged by reflected wave action

and the underground parts of those on the soft natural substrate were uncovered and the

whole plants were removed by scour. Experimental planting of additional plants with

expanded floating leaf blades demonstrated that the hydraulic drag due to the high surface

area was sufficient to either pull the implanted rhizome from soft sediment or tear off the

petiole from plants embedded amongst stones. By the close of the second season, when

all original planting locations were rechecked, only 2 out of the original 12 plants

remained. Both were severely stunted and in poor condition (Figure 4.13). There was no

evidence of adventitous rooting from the rhizomes, which had softened and contracted,

presumably a result of the depletion of stored carbohydrate reserves. The light regime

(40-60 NTU) was clearly inadequate for a bottom rooting plant whose foliage is

vulnerable to physical damage at elevated positions in the water column.

Detrital concentrations in planted sections were expected to increase due to the

additional input of macrophyte litter or the filtration effect of the vegetation in trapping

drifting deritus or locally reducing current velocities sufficiently to promote deposition of
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allochthonous CPOM. However, measurements made in October 1991 (Table 4.5)

provide no evidence of such detrital accumulation.

Effects on benthic invertebrates

Planting had no significant effect at the densities employed on either the

composition or the abundance of the benthic invertebrate fauna (Figure 4.14). There was

a slight, but not significant, tendency for planted plots to contain lower total densities of

macroinvertebrates and less diverse faunas. Benthic invertebrate species richness,

diversity and evenness was unchanged by planting at these densities (Figure 4.8; 4.9),

despite the relatively species rich epiphytic fauna. Inspection of raw data from each

treatment (Appendix 4.4) combined with the results of CCA offered no evidence that the

response of any taxa to planting was dependent upon the nature of the substrate or the

presence of bank shielding.

Effects on epiphytic invertebrates

A variety of measures have been used to quantify plant-dwelling invertebrates.

These include

(i) number of animals per unit surface area of plant surface (eg. Harrod, 1964;

Rooke, 1984), probably the most rigorous test of the value of different substrates

(Dvorak 8c Best, 1982), though rarely used,

(ii) number of animals per unit area of water surface or bed occupied by a plant

stand (eg. Bergey et al., 1992). This approach is acceptable where plants occur in

extensive monodominant stands at a roughly uniform density, or

(iii) number of animals (or dry weight) per g dry weight of plant tissue. This is the

most commonly used measure and was selected here for comparability with other

results. Biochino & Biochino (1980) considered it to be satisfactory for studies

involving only a single species of plant.

The composition and density of the principal plant-dwelling invertebrates are shown

in Table 4.8. Invertebrate numbers were not obviously related to any single treatment

factor, although densities were lowest in the two treatments combining boarding with

planting. Numbers of epiphytic invertebrates and faunal composition appeared largely

independent of the underlying substrate type. Simple linear regression showed that in

May, numbers of animals were strongly correlated with plant biomass (R2=0.645;

2 CI
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Table 4.8 Composition of eipiphytic invertebrate populations on
Potamogeton pectinatus in different treatments in October 1991

TAXAITREATMENT STONE SILT

OPEN BOARD POST OPEN BOARD POST

Nematoda	 4.3 1.5 0.6 1.2 1.6

Limnodrilus hoffineisterii 	 22.1 0.4 3.5 0.5
Lumbricidae P
Pisicola geometra 0.2 1.8 0.2
Dpobdella octoculata P
Corophium curvispinum 301.2 0.1 6.7
Asellus aquaticus	 4.3 1.4 2.8 0.2
Gammarus pulex P
Ceratopogonidae P
Chironomidae	 62.7 14.7 93.2 49.1 9.1 25.4
Tabanidae	 • P
Tipulidae P
Ecnomus tenellus	 1.3 0.5 5.7 1.0 1.1
Caenis luctuosa	 0.3 P 0.6
Coenagrionidae P
Nymphulidae 0.3
Haliplidae (larvae) 0.2 P
oder Coleoprera larvae P 0.1
Bydracarina 0.2
Pisidium 0.3

Terrestrial taxa	 0.3
(mainly Thripidae, Coleoptera,

0.2 0.2

Hemiptera, Arachnidae)

TOTAL	 96.2 19.0 408.7 52.6 12.7 35.6

Values are densities of animals per gDW of plant tissue. P= present at densities <0.1 individuals gDW



Table 4.9 Composition of eipiphytic invertebrate populations on
Potamogeton pectinatus	 in May and October

TAXA MAY (1992)
(N=7)

OCT (1991)
(N=6)

Nematoda 0.52 ±0.14 1.53 ±0.6

Limnodrilus hoffmeisterii 0.30 ±0.10 4.46 ±3.56

Lumbricidae _ P

Pisicola geometra _ 0.37 ±0.29

Glossiphonia complanata P _

Helobdella stagnalis 0.12 ±0.05 _

Erpobdella octoculata _ P

Corophium curvispinum 0.13 ±0.06 51.34 ±49.99

Asellus aquaticus P 1.45 ±0.72

Gammarus pulex _ P

Ilyocryptus sordidus P _

Psychodidae 0.10±0.07 _

Ceratopogonidae _ P

Chironomidae 32.10 ±6.73 42.37 ±13.17

Tabanidae _ P

Tipulidae _ P

Ecnomus tenellus P 1.75 ±0.85

Phoganea bipunctata P
Caenis luctuosa 0.13 ±0.05 0.16 ±0.10
Coenagrionidae P P

Nymphulidae 0.35 ±0.08 P
Haliplidae (larvae) _ P

other Coleoptera larvae _ P

Hydracarina P P

Pisidium 0.10±0.07 P

Terrestrial taxa

(mainly Thripidae, Coleoptera,

P 0.12 ±0.05

Hemiptera, Arachnidae)

Values are densities of animals per gDW of plant tissue.
P= present at densities <0.1 individuals gDW
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P=0.0297) and species richness less strongly so (R 2=0.48; P=0.084). In October

numbers of animals were uncorrelated with plant biomass (R 2=0.006) but species

richness was very strongly correlated (R 2=0.893; P=0.005). Chironomidae were

strongly dominant in both May and October and accounted for 84% of total invertebrate

numbers, excluding one deviant sample from the post and stone treatment in October

1991 which contained exceptionally large numbers of Corophium (300g- 1). The

numerical contribution of other species changed temporally according to life-history

characteristics. For example, the pyralid leaf-cutter caterpillars occurred widely in small

numbers in the spring, while the stone-associated taxa Corophium, Asellus and Ecnomus

made their main contribution in the autumn, although in general this was small relative to

their numbers on stoned areas of the bed. Limnodrilus and nematodes were ubiquitous,

generally in small numbers. Leeches were well represented considering their low

numbers in the benthos and in October the fish parasite Pisicola geometra was unusually

abundant. Seasonal differences in invertebrate populations are summarised in Table 4.9.

3.2.3.3 Bed protection

During the summer of 1990 and particularly during 1991, the woodwork of the

boarded section and even some of the posts were heavily colonised by a range of ruderal

and annual plants including Carex otrubae, C. remota, Impatiens capensis, Lycopus

europaeus, Rumex hydrolapathum, R crispus, Scutellaria galericulata, Stachys palustris,

Ranunculus sceleratus, Epilobium hirsutum, Tussilago fatfara, Dactylis glomerata and

Festuca rubra (PLATE 4.9). For many animals the trailing roots of some of these plants

formed a microhabitat which substituted for submerged macrophytes (see Appendix 4.4).

Upon diebacic, the foliage of these plants probably also represented a locally significant

additional source of detritus, although these inputs would have occurred only after the

October sampling.

Effects on invertebrates

A variety of species exhibited significant differences in density between the three

sets of bed shielding treatments, but there was no consistent pattern to these differences

either within or between years (Figure 4.15). Invertebrate species richness, diversity and

evenness did not differ significantly between any treatment plots on the four dates studied

(Figure 4.8; 4.9).

During 1990 the highest densities of Corophium, Asellus and Ganunarus were

found in the boarded section. The association was especially strong in the case of

Gammarus (see Figure 4.10a). Densities of the principal silt-associated infaunal species

appeared to be suppressed. This pattern bore no similarity to the results obtained in July

of the same year and was virtually reversed in the following October.
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The response to posts shows a marked divergence from that for the other shielding

treatments. This is reflected in the placement of this treatment in ordination diagrams

(Figures 4.10a and b). Initially it was envisaged that this set of treatments would largely

match the controls in their effects and although this is true for the total invertebrate

densities, the response of individual taxa is quite different. The most obvious feature of

invertebrate populations in this group of treatments was the poor response of stone-

associated species, especially Corophium and Asellus, in 1990, although this was

overturned in 1991, when maximum numbers of Corophium and chironomids were

recorded in this section.

Scrapes taken from vertical wooden structures and steel piling indicated the

presence of a range of semi-sessile invertebrates, predominantly chironomids but also

Corophium curvispinum and the trichopteran Tinoedes waeneri, all at relatively low

densities. This epipelic community appeared poorly developed and was therefote not

considered further.
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4. DISCUSSION

4.1 Treatment responses

4.1.1 Stoning

4.1.1.1 Introduction

Substrate type is well known to be a key influence on the distribution and abundance

of invertebrates (see Cummins & Lauff, 1969; Minshall, 1984; Ward, 1992). It is not

surprising therefore that the introduction of coarse substrate on a scale normally associated

with erosional habitats has a marked effect on the benthic invertebrate fauna in an

essentially soft-bottomed depositional environment. Comparable natural dichotomies in

substrate characteristics and associated benthos are observed in the riffle and pool

sequences of streams and rivers and sometimes between the littoral and profundal zones of

lakes. Studies of invertebrate-substrate relationships, traditionally performed in these

habitats, have been confounded by additional physico-chemical covariables associated

with changes in particle size and configuration, such as depth, water velocity or wave

action, oxygen content and detrital concentration. Only by multivariate analysis (eg. Rae,

1985) or experimental manipulation of the habitat (eg. Rabeni & Minshall, 1977; Culp et

al., 1983) has it proved possible to isolate the effects of these factors.

In the present study, covariables are largely eliminated; there is no difference in

gradient of the bed between the modified and natural substrate and the overlying water is

of a constant depth and uniformly turbid and slow moving. The interstitial spaces among

the stones appear to be fully occupied by sand-silt due to compaction and siltation, so

stone cannot offer superior living space in terms of silt-free volume (Hynes, 1970) and the

degree of occlusion of interstitial space by silt is consequently unlikely to be a

compounding variable (cf. Williams & Moore, 1986). Hence it is also very unlikely that

internal microcurrents or degree of aeration (Dudgeon, 1982), which are critical to the

respiratory physiology of some species, contribute significantly to spatial variation in

invertebrate densities. There remain, however, a number of direct and indirect

mechanisms by which substrate manipulation may affect invertebrate densities and

community composition. These may operate in isolation or be interactive. Some

possibilities are discussed below.

4.1.1.2 Substrate variables and their influence on invertebrates

i. Increased substrate heterogeneity

Increases in particle size are usually associated with a general increase in structural

complexity of the habitat which provides greater scope for resource partitioning and

consequently allows a greater number of species to coexist, providing that colonists are

available to fill the niches created (Minshall, 1984; Ward, 1992). Coarse substrates offer

both surface and interstitial microhabitats, as well as attachment for epilithic vegetation.
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Stone surfaces vary according to the size, orientation, texture and vertical elevation of

stones within the stack.

Compared to natural stream riffles or a stony lake littoral, the stoned areas

engineered for this study were probably unnaturally homogeneous due to the use of stone

from a single source, which was of a similar age and texture and screened to standardize

particle size. Compaction of stone into the canal bed to ensure stability probably also

increased the packing density and reduced the size variation of interstitial spaces.

Although hard substrates may be important specifically as a substrate for lithophilic

animals, few animals in this study were intimately associated with the stones, most

inhabiting the interstitial substrate. Adult Corophium (mainly females) constructed

detrital tubes anchored to the upper surfaces of exposed stones, while stone provided a

substrate for epipelic algae on which the scraper Ecnomus tenellus appeared to largely

depend. Interstitial sediment may be stratified by depth since, once stabilised, it is

sufficiently stable for animals to burrow and maintain their position. It may also be

subdivided on the basis of the volume of interstitial space, because some pockets of

sediment may be accessible only to a critical size and shape of animal (Gee, 1982).

Varying quantities of CPOM may add further structure and stability, independent of their

role as a food source (Richardson, 1992). Small growths of Cladophora and the aquatic

moss Rhynchostegium riparioides were observed on larger stones. These may provide a

habitat independent of the inorganic substrate or create additional microhabitats on the

upper surface of stones by modifying microcurrents or allowing localised accretion at the

base of the thallus. In their classic study of the invertebrate populations of a Yorkshire

stream, Percival & Whitehead (1929) emphasised the enhancing effect of moss and

Cladophora on invertebrate densities on areas of stone. While the niches created by

stoning are otherwise rare in heavily trafficked canals, it is clear from the extent and

rapidity of colonisation and the diversity of the resultant fauna, that suitable occupants of

these niches are available, albeit at extremely low densities within the pre-stoning

benthos.

The alternative view, that increased species richness in structurally complex habitats

can be interpreted simply as a sampling phenomenon relating to the commonly observed

increased numbers of individuals (Dean & Connell, 1987), is rejected here since, in the

first year, when differences in species richness between stoned and unstoned plots were

most marked, the mean total numbers of animals was very similar in both treatments.
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ii. Improved detrital food-base

Several workers have speculated or claimed to have demonstrated that differences in

detrital concentration can explain substrate preferences in invertebrates (eg. Rabeni &

Minshall, 1977; Culp et al., 1983), although these studies have dealt only with a range of

essentially coarse substrates. Culp et al. (1983) added standardized quantities of alder

detritus to five coarse substrate mixtures and monitored invertebrate colonisation. The

authors suggested that differences in invertebrate abundance normally observed between

the substrates can be overridden by controlling detrital density, although in their particular

case this conclusion is invalid since the substrates used differed significantly in interstitial

volume and therefore in the relative concentration of detritus.

Coarse substrates may concentrate detritus (Hynes, 1970; Rabeni & Minshall,

1977). CPOM, or more specifically its microbial flora, is utilised directly by invertebrate

shredders as a food source, but recently there has been a growing appreciation of the

additional role of detritus in structuring soft sediments (Street & Titmus, 1981; Moss &

Timms, 1989) and as a multi-dimensional habitat and effective anti-predator refuge

(Lancaster et al., 1988), independent of its energetic value (Reice, 1983; Richardson,

1992). Experiments in streams using supplementary detritus (eg. Culp et al., 1983;

Mundie et al., 1983; Richardson, 1991) or manipulating traps or debris dams which

increase litter retentiveness (Angermeier & Karr, 1984; Smock et al., 1989; Hildrew et

al., 1991; Dobson & Hildrew, 1992) have demonstrated resource limitation amongst

detritivores by modifying densities of shredders as well as other taxa. In heavily trafficked

canals, sediment organic concentrations are low compared to productive lightly trafficked

canals (Staples, 1992). The mean mass of CPOM recorded in this study (1.3g 100cm- 2) is

very small compared to the 100g 100cm- 2 recorded in a Polish river, (Grzybowska, 1991)

but compares more favourably to the 3-6g 100cm-2 reported in small, unretentive

woodland streams (Dobson & Hildrew, 1992) and the 1.8 and 3.0g 100cm- 2 for riffles

and pools respectively in the R. Wye (Scullion et al., 1982). Provisionally, resource

limitation of invertebrates in heavily trafficked canals would therefore appear very likely.

Natural snags such as trailing bankside vegetation, twigs, fallen branches and

rocks, which are important in retaining leaf litter (Bilby & Likens, 1980; Dobson &

Hildrew, 1992), thereby generating more efficiently exploitable food patches, are all but

absent from engineered lowland water courses, including heavily trafficked canals.

Therefore, if invertebrate populations in the canal are resource-limited but not controlled

by some overriding factor such as fish predation or abiotic stress, stoning might be

expected to increase invertebrate densities by reassembling diffuse organic matter into

denser, more readily exploited patches. Measurements of detrital content of the interstitial
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sediment from stoned and unstoned areas in October 1991 surprisingly however, indicate

that detritus is allocated roughly evenly. The rapid intrusion of fine inorganic sediment

into interstitial spaces presumably inhibits the retention of detritus anticipated on stoned

areas.

In the present study, the sharp distinction between the invertebrate populations

found on the two substrates cannot therefore be explained by differences in detrital

concentration. It remains possible however, that detrital quality differs between the

substrates (cf. Petersen & Cummins, 1974) sufficiently to influence the abundance and

composition of the invertebrate fauna. A more stable environment in which the frequency

of detrital resuspension is reduced may, for example, permit more complete microbial

colonisation and preliminary processing of detritus, thereby improving its nutritional

value. Stoning may have other subtle effects such as modifying the vertical distribution of

detritus. Detritus buried in soft sediment may be unavailable to non-burrowing epibenthic

animals, but may may become more accessible when concentrated in the upper few

centimetres of a stone bed. Nearer the sediment-water interface, where scouring can still

flush out detritus from the interstices, there will be a continual interchange with the water

column. In the deeper layers there is presumably a dynamic equilibrium between

processing of detritus by macroinvertebrates and integration of fresh material from nearer

the surface.

Many stream studies have established positive correlations between in situ mass of

CPOM and densities of invertebrates (eg. Egglishaw, 1964; Rabeni & Minshall, 1977;

Fahy, 1975; Flecker, 1984), particularly shredders which are expected to be most directly

influenced by availability of detritus (Hildrew et al., 1980; Gee, 1982) and chironomids,

though such relationships are not a generality (Petersen & Cummins, 1974; Pennak,

1977; Peckarsky & Dodson, 1980a). Differences in timing, quantity and quality of

detrital inputs or habitat characteristics may contribute to this diversity of findings. In this

investigation, densities of invertebrates on a given substrate were mostly weakly

correlated or uncorrelated with CPOM concentrations and therefore offer little support for

the view that invertebrate populations in the canal are primarily resource limited. There

are several possible explanations for this:

1. detritus is superabundant. Goulden (1971) for example, attributed a lack of

correlation between the population density of chyclorids and their food

(FPOM) to a superabundance of organic matter. At the levels observed in the

canal, this seems extremely unlikely. The species concerned are all known to

occur at much higher densities in more fertile but otherwise approximately

comparable environments (see 4.2) and have also been shown to respond
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positively to artificial increases in detrital concentrations undertaken as part of

manipulative studies (see above).

2. invertebrates are not utilising CPOM as a food-base. Several studies have

concluded that CPOM is too crude a measure from which to hope to infer

invertebrate - detrital relationships, since few species are able to directly utilise

material as coarse as lmm (Barber & Kevern, 1973). In these cases mass of

FPOM was a better predictor of invertebrate distributions (Reice, 1991).

Flecker (1984) on the other hand, found that CPOM was more strongly

correlated with insect abundance than FPOM. Measurements of FPOM, albeit

at the coarsest end of the spectrum (500-1000pm), from half of the canal

samples, indicated a strongly significant positive correlation between CPOM

and FPOM (Figure 4.12), but failed to significantly improve the prediction of

invertebrate densities (Table 4.7). Interestingly, several of those species

which were uncorrelated or negatively correlated with CPOM or FPOM

showed a significant positive correlation with FPOM when this was

expressed as a proportion of the total detritus, i.e. they were generally more

abundant in samples containing a large quantity of FPOM relative to CPOM.

This may reflect an increased comminution of CPOM due to invertebrate

detritivore activity or an initial tendency for invertebrates to concentrate in

areas where the relative density of detritus of optimal particle size is highest.

Shredders such as Asellus and Gammarus were expected to show the

strongest response to variations in detrital concentration, but this functional

group represented only a small fraction of the total invertebrate community.

Strangely, Asellus actually displayed a significant negative correlation with

CPOM (Table 4.6; 4.7). Samples from which CPOM was measured were

collected in early October (ie. pre-leaf fall), so it is probable that this CPOM

refers mainly to the refractory component of the previous year's input of litter,

and hence is of relatively poor quality as food for shredders. For the majority

of the collector-gatherer species in this community, the main determinant of

their distribution is likely to be not the mass of CPOM but the availability of

much finer particulate organic matter (<1001.1m), benthic diatoms, bacteria or

of DOM adsorbed to the surface of small mineral particles (eg. McLachlan &

Dickinson, 1977). The presence of a biofilm of DOM and associated microbes

will also influence the nutritional quality of coarser detrital material and may

consequently override any relationship based on food quantity (Ward &

Cummins, 1979; Toscano & MacLachlan, 1980). These are all factors which

it is difficult or time consuming to measure quantitatively, especially in view

of the practical limitations of field sampling and sample processing, for
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example the size of mesh used to concentrate samples. On artificially coarse

substrates, detritus probably plays only a very minor alternative role in

sediment structuring or as a spatial refuge, compared to its importance in

naturally unstable, homogeneous substrates:

3. other factor(s) such as predation or abiotic stresses associated with heavy boat

traffic, eg. high suspended solids loading, prevent invertebrate populations

reaching densities at which resources become limiting. Substrate instability

itself does not appear to be implicated here as a potential limiting factor,

because there is no evidence that invertebrate-detritus correlations are

generally stronger or occur more frequently on structurally stable areas of bed

than on the natural substrate.

4. The range of detrital concentrations encountered is simply too small (0.2-5.3

g 100cm-2) to produce a marked gradient in invertebrate densities. Thorough

mixing of sediment and detritus due to disturbance of the bed by resuspension

and reflective scour may reduce spatial variation in the amount of detritus

present. Other studies which have established a correlation between detritus

and invertebrate densities have generally reported concentrations of detritus

which vary by a factor of more than 50, although Reice (1991) found no

evidence of 'bottom-up' control of community structure by abundance of

CPOM in a small woodland stream, even though concentrations varied over a

400-fold range, while Flecker (1984) noted highly significant correlations

between many invertebrate taxa and CPOM even when detrital concentrations

ranged from only 0.1-1.0g DW per sample.

5. The distribution of invertebrates and detritus is uncoupled due to repeated

disturbance of the bed, or detrital patchiness is too ephemeral to be exploited

effectively.

iii. Anti-predator refuge

It has been widely shown by manipulating refuge space or using enclosures to

exclude fish that increased structural heterogeneity in the form of coarse substrates can

reduce foraging success of fish under laboratory and field conditions (eg. Ware, 1972;

Stein & Magnuson, 1976; Brusven & Rose, 1981; Mattila, 1992). Thus the effects of an

increase in structural complexity per Sc and an increase in refuge space are probably

mutually inseparable in the field. It is possible therefore that stoned areas simply provide

a refuge area for invertebrate taxa which would naturally occur, or be more abundant on

open sand-silt, were it not for heavy fish predation. Some key species, such as
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Limnodrilus, could be less abundant on natural substrate due to fish predation, but still

have higher annual rates of production compared to the stone-associated fauna. This issue

is addressed in detail in Chapter 5.

iv. Increased substrate stability

An overburden of stone may also stabilise fine, soft sediments, making them less

liable to resuspension, a phenomenon termed armouring. This may be interpreted in the

context of the sheer stresses required to mobilise particles; fine sand is readily entrained

but velocities of 100 cm s' l are usually required to displace coarse gravel (Smith, 1975).

Armouring may attract and increase invertebrates by a number of means, including;

1. encouraging formation of detrital food patches, therefore permitting more

efficient utilisation of resources (although the results discussed above reject

this idea),

2. allowing exploitation of alternative resources using feeding strategies which

depend on stability, such as tube building and filter-feeding in chironomids

or net-spinning in trichoptera,

3. reducing energy costs of reorientation within the sediment after disturbance,

4. reducing losses of animals incurred by resuspension and consequently

increased vulnerability to predation (Gilmurray & Daborn, 1981) or drift,

5. enhancing the spatial refuge for infaunal species by allowing undisturbed and

consequently deeper penetration of the sediment.

Barton & Hynes (1978) found that the abundance and diversity of the benthic fauna

along wave-exposed shores in the Great Lakes was positively correlated with substrate

stability, while Cobb & Flannagan (1990) reported a negative correlation between

substrate instability and species diversity and, to a lesser extent, density of trichoptera.

Following a correlative study between densities of a range of invertebrate taxa and

attributes of substrate stability such as tractive force and particle size in New Zealand

streams, Flannagan eta!. (1992) suggested that some species might be used as substrate

stability indicators for biological monitoring.

Lower oxygen concentrations resulting from reduced aeration are one penalty of

increased substrate stability, which, in organic-rich environments, may have potentially

detrimental effects on benthic invertebrates (eg. JOnasson, 1984).
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4.1.1.3 Invertebrate-substrate preferences during the summer

Certain taxa which, during the autumn, show a high fidelity for stoned areas are

less strongly associated with this substrate during the summer months and therefore seem

to refute some of the above suggestions. Increased disturbance from boat passages and

increased predation pressure from benthivorous fish due to the stimulation of feeding by

increased water temperatures would be expected to produce a close association of

invertebrates with the more stable sheltered substrate during the summer. Due to the low

densities of animals relative to those found in the autumn, it cannot be argued that

interstitial spaces are already fully occupied by invertebrates, thus leading to displacement

of some animals to a suboptimal habitat. Detrital concentrations, which were not analysed

during the summer, may have been higher in unstoned areas at this time, although

repeated resuspension of the bed would be expected to bias concentrations towards

stoned areas. Presumably the greater scour and disturbance of the bed during the summer

is sufficient to wash some animals out of the crevices between stones, thereby

temporarily increasing the numbers of normally stone-associated animals in adjacent

unstoned plots. Sampling of alternative areas of control substrate not immediately

adjacent to a reservoir of stone-associated colonists may have revealed a sharper

distinction between substrates during the summer, closer to the pattern observed in

autumn when catastrophic drift rates are also likely to be much lower. Alternatively the

presence of these animals outside their preferred microhabitat may be a general feature,

due to dislodgement of individuals weakly attached to piling or woodwork, thus

increasing their frequency in the drift.

4.1.1.4 The utilisation of stoned areas by the interstitial fauna

Interstitial spaces appear to offer invertebrates a stable environment which is

probably buffered from fish predation and provides access to a detrital resource at least

equivalent in terms of quantity to that in unstoned areas. During 1990, densities of

tubificids and Pisidium were significantly higher (Mann-Whitney U-test; P=<0.05)

within the interstitial spaces on stone substrate than in an equivalent volume of

unmodified canal substrate. Microcrustaceans were also substantially more nbundant in

stoned areas, although this difference was not quite significant at the 5% level. In 1991,

while relative densities of Pisidium remained higher in stoned areas (although this time

not significantly so; P= 0.095), there was a marked change in the distribution of

tubificids, slightly higher densities occurring on soft sediment. It is surprising that silt-

based infaunal species did not show consistently higher densities within the microhabitat

of stone interstices compared to open sediment. The clear loss of advantage to tubificids

and to a lesser extent to Pisidium and microcrustacea in stoned areas between 1990-91,

is especially hard to explain, although this may be confounded by a significant decline in
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the overall densities of these taxa during this period. The suggested controls on

invertebrate abundance and species composition might either operate weakly, so that

stoned areas offer only a marginal advantage to these taxa, or there could be a developing

trade-off between substrate stability plus refuge space characteristics and some other

negative factor(s). Some possible factors are described below.

(i) The proliferation of epibenthic animals on a stone substrate may result in the

interception of detritus in the surface layers. This may become increasingly

influential with time as the original inoculum of fine sediment and detritus to the

interstitial spaces is processed and exhausted, but replenishment by percolation of

material from above is inhibited by benthic invertebrate activity at or near the

sediment-water interface.

(ii) Retention of coarse detritus in the deeper parts of a stone bed may prevent

mechanical comminution by abrasion and resuspension, necessary to generate food

particles of an accessible size range. This may be partly compensated by increased

invertebrate shredder activity near the sediment surface, but this will presumably

not extend deeper than the top few centimetres.

(iii) In marine systems, repeatedly resuspended silt or FPOM tends to support the

greatest burden of attached bacteria (Painchaud & Therriault, 1989; Yoon &

Rosson, 1990). If the same applies in freshwaters, the frequency of sediment

resuspension could be indirectly an important determinant of food quality for

tubificids, especially in organically-impoverished sediments. The greater stability

imparted to finer interstitial material by stone armouring could, surprisingly

therefore, have an adverse effect on the extent of bacterial colonisation of particle

surfaces and hence their nutritional value.

(iv) Stoned areas support a significantly higher density of invertebrate predators

than the unmodified substrate (Table 4.8).

This is especially apparent using substrate standardised densities. It should be noted

that while the density of invertebrate predators actually declined slightly on stoned

areas between 1990-91, which might suggest a reduced role for invertebrate

predation, the numbers of predators as a numerical proportion of the total fauna

increased. The range of obligate or facultative carnivores includes leeches, Sialis

lutaria, Gammarus pulex, Crangonyx pseudogracilis, Ecnomus ten ellus,

ceratopogonids and mites., all of which are known to be potential predators of

tubificids or their cocoons (see section 4.2.).
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Table 4.10 Comparison of mean densities of all predatory benthic
invertebrates on stoned and soft substrata.

Density Raw Areal Substrate Standardised
number m-2 ±1 S.E. number m-2 of colonisable

substrate ±1 S.E.

Year Stone	 Silt P Stone	 Silt P

1990 592.3 ±64.3	 29.9 ±10.1 *** 1480.8 ±160.8	 29.9 ±10.1 ***

5.30% t	 0.31%

1991 424.5 ±45.1	 107.4 ±22.1 *** 1061.3 ±112.8	 107.4 ±22.1 ***

6.50%	 2.65%

Pooled 507.6 ±39.9	 68.5 ±12.7 *** 1269.0 ± 99.8	 68.5 ±12.7 ***

5.70%	 1.00%

Predatory taxa include obligate (Hirudinea, Sialis lutaria, Ceratopogonids and Hydracarina) and facultative
(Gammarus pulex, Crangonyx pseudogracilis, Ecnomus tenellus ) carnivores. t = number of predators as
a % of total invertebrate numbers. Significance tested by Mann-Whitney U-test *** = P<0.0001.

In a study of the effects of substrate enhancement in a Swedish lake using straw,

Andersson & Danell (1982) attributed a failure of oligochaetes and chironomids to

increase in treated areas to an increase in predation from leeches and Coleoptera. In

the present investigation the potentially enhancing effects on tubificids (and their

invertebrate predators) of an increase in substrate stability and a reduction in fish

predation through the provision of a spatial refuge may therefore be partly offset by

a reciprocal increase in predation pressure from other benthic invertebrates (see

section 4.4). The latter are known to have an important controlling effect on

densities and biomass of tubificids (Kajak, 1980). By contrast, Pisidium may be

relatively immune to predation from most other benthic invertebrates due to its

protective shell, although it is known to be predated by glossiphoniid leeches

(Young & Procter, 1986). If invertebrate predation is indeed important in this

study, this may partly explain the selectively sustained higher densities of Pisidium

in stoned areas during 1991.
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4.1.2 Planting

4.1.2.1 Macrophyte establishment

The results of planting with Potamogeton pectinatus in wave buffered enclosures or

on stable substrate suggest that it is possible to sustain macrophytes during the period of

peak boat traffic in heavily trafficked canals. The basis for this is the reduction in biomass

losses, caused by water turbulence and uprooting, which allows plants to maintain net

growth, while those on soft unprotected substrates regress after early July because loss

due to tissue breakage exceeds growth (cf. Haslam, 1978). The practical viability of

establishing and maintaining macrophyte beds in these canals on a sufficiently large scale

to provide invertebrate habitat appears to be very limited and this result is primarily of

academic interest in terms of understanding the mechanisms by which traffic affects

submerged macrophytes.

The lack of significant differences in turbidity between protected and unprotected

plots and an ability to sustain net growth in P. pectinatus at summer TSS concentrations

consistently in excess of 100mg1- 1 rejects the idea that turbidity is the major influence on

the growth of P. pectinatus in heavily trafficked canals. Low turbidity may, however,

still be required at the start of the growing season to initiate germination of drupelets or

vegetative regeneration from turions buried in the sediment and may remain a critical

factor in the exclusion of other species. The mechanical effects of wave action produced

by boat traffic appear to be the overriding control on mid-late season standing crops. This

view is supported by observations from the western half of the Llangollen Canal, which

has an unusually low suspended solids loading (10-15mg1- 1 ) for its traffic density

(14000my), due to a large offtake of clear water from the Upper Dee, but which still

supports only a very sparse aquatic flora confined to P. pectinatus and Cladophora

glomerata. A recent study by Vermaat & de Bruyne (1993) of the growth of P.

pectinatus in the heavily navigated R. Vecht in the Netherlands, provides independent

support for these findings. These authors found that above- and below-ground biomass

and the number of secondary shoots and bundles of P. pectinatus increased significantly

when transplanted behind breakwaters. Since there appeared to be no direct correlation

between the distribution of waterplants in the river and the light climate and no clear

relationship between wave activity and light attenuation, it was concluded that the direct,

mechanical effects of boat-induced waves were the proximate cause of macrophyte

decline.

P. pectinatus appears to be well adapted morphologically to life in highly turbid,

wave-disturbed waters due to its characteristic dense apical canopy of radiating, flexible,

filiform leaves. When oriented along or just beneath the water surface (PLATE 4.7), in a
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manner analagous to a nymphaeid, the foliage is optimally presented to receive direct

incident light, leaving the plant virtually independent of light attenuation in the water

column while escaping the mechanical constraints imposed by expanded floating leaves.

Nuphar lutea is common along the margins of many navigable rivers (Eaton, 1986;

Brierley et al., 1989; Vermaat & de Bruyne, 1993) but plants with floating leaves were

eliminated soon after planting in the Middlewich Branch, presumably as a result of

frictional resistance to repeated, short, high-energy pulses of water movement. Nuphar

may also persist indefinitely in its submerged form (Sculthorpe, 1967), which appears to

be characteristic of deep water environments (Heslop-Harrison, 1955). In this study,

Secchi-disc transparencies of c.0.25m were clearly inadequate, however, for net-growth

of these plants. Consequently, the establishment of lily-beds on heavily trafficked canals

is unlikely to be possible outside shallow sidewaters in which floating leaves are

sheltered from direct boat wash.

4.1.2.2 Effects on benthic invertebrates

While many workers have commented on the diverse and abundant invertebrate

fauna associated with the above-ground parts of macrophytes (eg. Witcomb, 1963;

Hynes, 1970), the benthic fauna beneath plant stands has been less well documented.

Nevertheless it has been noted that the presence of aquatic vegetation can greatly enhance

sediment invertebrate densities, (most notably tubificids) irrespective of effects on the

epiphytic component (Prejs, 1987; Thorp, 1988; Schramm & Erica 1989; Beckett et al.,

1992). For example, Miller eta!. (1987) recorded mean densities of benthic invertebrates

(principally oligochaetes) of 25000m-2 in the top 50mm of sediment beneath P. pectinatus

stands in a reservoir in Wisconsin. These densities were more than ten times those found

at unvegetated but otherwise comparable sites. There are several possible explanations to

account for elevated densities of benthic invertebrates beneath plants, namely

(i) Plants may directly provide an additional substrate for invertebrate colonisation

in the form of roots and turions (Prejs, 1983; Schramm & Jirka, 1989). P.

pectinatus may double as a food source for parasitic nematodes (Prejs, 1987).

(ii) Plants increase dissolved oxygen movement into the sediment via their internal

gas channel systems which supply the rhizosphere (Chen & Barko, 1988;

Sand-Jensen et al., 1982). Stewart & Davies (1986) suggest that P. pectinatus

should therefore be beneficial in anaerobic salments due to its prolific system of

underground rhizomes and turions.

(iii) They protect and stabilise fine sediment by root-binding and locally decrease

current velocity (Marshall & Westlake, 1978; Sand-Jensen eta!., 1989a), which



in turn affects particle size composition and the rate of CPOM deposition

(Hynes, 1970; Gregg & Rose, 1982).

(iv) Plants generate a layer of partially decayed litter on the sediment surface

following senescence, which provides food for benthic invertebrates (Engel,

1985), especially shredders (Rooke, 1984) and adds structure and stability to

normally soft, fine sediments (Schramm & Jirka 1989; Moss & Timms, 1989).

(v) They increase general habitat heterogeneity and therefore reduce predator

efficiencies (Rosine 1955; Crowder & Cooper, 1982; Gilinsky 1984).

(vi) They may offer a route for colonisation of the benthos for animals intercepted

from the drift.

Although the results presented here do not reveal any apparent enrichment of the

benthic fauna through additional planting, it is possible that the role of plants has been

underestimated because above-ground parts were deliberately avoided during core

sampling, so as to minimise damage. Surprisingly, there is also no evidence to suggest

that plants are proportionally more important to benthic invertebrates in soft sediment than

in coarse stable sediment. The additional stability, heterogeneity and attachment sites

afforded by plant roots might be expected to be most advantageous in soft sediments, but

only of marginal benefit in inherently stable and structurally diverse coarse substrates.

Conversely, Pieczynski (1977) and Schramm & Jirka (1989) found that the density and

biomass of the benthic fauna in lakes was greater in vegetated zones underlain by firm

substrata.

Part of the failure of supplementary plantings to increase the benthic fauna may also

be due to inadequate contrasts with unplanted areas. At very low plant densities the

mechanisms outlined above may simply fail to operate. The maximum standing crop of

P. pectinatus observed in this study (25gDWm- 2 within colonised areas in June,

<5gDWm-2 on a whole canal basis) is typical of a heavily trafficked canal, and

consistent with values reported from other turbid and/or wave exposed water bodies (eg.

Kautsky, 1987; Van Dijk & Van Vierssen, 1991; Svenson & Wigren-Svensson, 1992)

but is at the bottom of the range of published densities for this species (5-2000gDWm-2;

Kantrud, 1990). It is negligible when compared to the vast sago beds of North American

lakes (typically 200-300gDWm- 2, see Kantrud, 1990; Bergey et al., 1992), and brackish

lagoons in southern Europe (eg. c.470gDWm-2; Menendez & Comin, 1989). See Figure

4.16. Under conditions of optimal temperature and irradiance the standing crop of P.

pectinatus may exceed 1000gDWm-2 (Van Wijk, 1988).
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Figure 4.16 Cumulative % frequency distribution of records of
Potamogeton pectinalus biomass from a range of habitats
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Features specific to heavily trafficked canals may also contribute to this lack of

effect. Localised accretion of organic matter at the base of plant stands, to which

invertebrates might respond positively (Rooke, 1984), is probably prevented by repeated

flushing and removal by boat wash. In comparisons of detrital concentrations, using both

raw areal and volume standardized estimates from different substrates, planted and

unplanted treatments consistently showed no significant difference (Table 4.5). Boat

wash might also mobilise fine silts or blend sediment from open areas with that from

beneath plant stands and therefore prevent dichotomies in particle size composition.

Sediments in these canals are frequently suspended by boat wash, leading to aeration and

dispersal of decomposing organic matter. Since primary productivity is inherently low

and allochthonous inputs are relatively small compared for example to woodland streams

or organically polluted sites, sediment organic concentrations in heavily trafficked canals

are very low (mostly <3%) and oxygen stress is therefore unlikely to be a problem for

invertebrates. Additional oxygenation via roots is therefore unlikely to be important. The

role of plant beds in reducing predator foraging efficiency is now well established from

'Doti field experiments (Crowder & Cooper, 1982) and laboratory trials in which the

structnraJ complexity of plant stands has been simulated artificially (eg. Savino & Stein,

1982; Winfield, 1986; Gotceitas, 1990). Orr & Resh (1989) noted that dense stands of P.

pectinatus reduced mortality of anopheline mosquito larvae exposed to fish predation.

Heavily trafficked canals support high densities of small fish (<80mm), which are either

narrow bodied (roach) and therefore able to penetrate plant beds, or bottom feeders

(gudgeon) able to gain access up to the base of low-density plant stands. In P.pectinatus

the characteristically apical growth form causes shading and premature senescence of

basal leaves (Van Der Bijl et al., 1989) leaving a relatively open structure to the base of

the plant. Even in more substantial beds this morphology may be relatively ineffectual in

reducing foraging success of benthivorous predators. It may also discourage movements

of animals between plants and the bed.

4.1.2.3 Effects on epiphytic invertebrates.

Invertebrates interact with macrophytes in a variety of ways (Soszlca, 1975; Rooke,

1984). They may for example provide attachment sites for sessile filter-feeders, a

substrate on which to overwinter (Soszlca, 1975) or deposit eggs (McGaha, 1952), or a

platform for emerging insects with an aerial adult stage (Rooke, 1984). Plant tissue may

provide material for Trichoptera for case construction or food for leaf miners or cutters

such as lepidopteran caterpillars, although the role of macrophytes as a direct food source

for many invertebrates remains controversial (cf. Cummins, 1973; Lodge, 1991). Plants

may form an indirect food resource through a coating of epiphytic algae (Cattaneo, 1983)
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or entrapment of fine waterborne detritus (Higler, 1975; Rooke, 1984). The structural

complexity and increased stability in plant stands when compared to the bed, may afford

a general refuge from predators or shelter from wave action or current (Krecker, 1939;

Rosine, 1954; Harrod, 1964) while more specialised relationships may be developed

where invertebrates tap plant tissue for respiratory oxygen (Berg, 1949). The relative

importance of these interactions is determined partly by the architecture of the plant

(Rosine, 1955), with degree of leaf dissection arguably being of greatest significance

(Krecker, 1939, cf. Cyr & Downing, 1988) and its location within the waterbody

(Harrod, 1964). Consequently, the invertebrate communities which inhabit particular

plants may be characterised ecologically in terms of the functional groupings of the

dominant species (Rooke, 1984; Chilton, 1990). In P. pectinatus, filter-feeders and

grazers predominate (Howard-Williams & Davies, 1979).

In standing waters, benthic sediments tend to be relatively homogenous and

potentially anaerobic, but macrophytes give access to a relatively stable, oxygen-rich

environment and a supply of waterborne food, while also providing protection from

predators. Williams & Feltmate (1992) have described macrophytes as "the lentic

analogues of the rock substrates of streams". Plant surfaces often support a large and

diverse standing crop of invertebrates when compared to surrounding areas of bare

sediment (Biggs & Malthus, 1982; Maurer & Brusven, 1983; Iversen et al., 1985).

Furthermore, while macrophytes differ considerably in morphology, plant-dwelling

macroinvertebrates appear to show relatively little substrate specificity compared to

emergent and terrestrial plants (Krecker, 1939; McGaha, 1952; Rooke, 1984), although

this could be because most studies have considered different species of plants located

within a single mixed bed, where they occur in close proximity. In lotic environments the

benthic substrate is, by contrast, generally structurally complex and well oxgenated, due

to the low SOD and movement of water through interstitial spaces. Also the moving

water column imposes a stress on macrophytes and attached organisms due to vegetation

form drag, which increases with the rate of flow and the surface area of plant tissue

presented to the current. Canals, as an environment subject to repeated pulsed

multidirectional disturbance, might be included in this category especially where the bed

is modified by stoning. Consequently, while macrophytes remain an important source of

diversity and a microhabitat for some invertebrates (Pinder, 1980), their overall role

relative to the benthic substrate is diminished, especially in swiftly-flowing waters

(Rooke, 1984). However, in areas of unstable, structurally homogenous benthic

substrate such as unstoned canal bed, macrophyte surfaces might retain some of their

importance as an invertebrate substrate. Attendant benefits to epiphytic invertebrates may

include the ability to exploit waterborne food resources (phytoplankton and FPOM
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generated by repeated resuspension of finer sediment) by filtration, free from the

interference effects of high suspended solids loadings which may occur nearer the bed.

Opinions differ as to the value of P. pectinatus as an invertebrate habitat. One view

rates it only poorly to moderately attractive to invertebrates, due to its simple linear

foliage, which offers minimal structural complexity and hence limited shelter for

colonisation by animals and protection from predators (Krecker, 1939; Andrews &

Hasler, 1943). Kantrud (1990), reviewing the current literature, stresses the alternative

view of P. pectinatus as a habitat densely colonised by macroinvertebrates (see for

example Boltt, 1973, cited in Howard-Williams & Davies, 1979). This view is reiterated

by Bergey et al. (1992). These discrepancies may arise through differences in the timing

or method of invertebrate sampling, or lack of comparability of systems from which data

are derived. It is also clear that P. pectinatus occurs at a very wide range of densities

(See Figure 4.17), over which its profitability as an invertebrate habitat may vary widely.

Further complications are caused by the use of different units of measurement to quantify

epiphytic invertebrates, a problem common to studies of macrophyte-invertebrate

associations in general.

The densities of animals living on P. pectinatus observed in this study are very

low, typically 45 individuals g- 1 in October and 35g- 1 in May compared to a seasonal

mean of 240g- 1 in the study by Bergey et al. (1992) in a Californian wetland. They are,

however, higher than recorded by Staples (1992) on P. pectinatus in the Shropshire

Union Canal at Beeston <lindividual per gDW of plant). Conversely, and for reasons

unknown, Corophium was recorded on one set of plants at a density of 350g-1,

comparable to invertebrate densities found in productive, clear water, aquatic plant

dominated systems (eg. Chilton, 1990). This appears to be an extreme case however.

Boat-induced water movements may dislodge animals from plants. While P. pectinatus

itself is well adapted morphologically to shed wave energy due to its stream lined linear

growth form, any larger animal not closely adpressed to the plant surface may be

removed by frictional drag. Low densities of invertebrates on P. pectmatus have been

reported in streams (eg. Greze, 1953, cited in Hynes, 1970) and standing waters subject

to wind-induced wave action in the absence of fringing emergent vegetation

(Andrikovics, 1973). In the canal, the vulnerability of invertebrates to detachment may

also be related to the marginal distribution of P. pectinatus. All plants occur at very low

densities, without forming any true stands in which the innermost plants and associated

animals might derive protection from wave action by the dampening effect of peripheral

plants. Most field studies of invertebrates associated with P. pectinatus have considered

the inner regions of extensive plant beds and avoided the disturbed peripheral areas. In

the canal all plants are essentially peripheral in location.
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Without a measure of plant surface area, it is impossible to assess the importance of

P. pectinatus as a substrate for invertebrates relative to benthic substrates. P. pectinatus

has a very simple foliage compared to species with dissected leaves such as

Myriophyllum spicatum or Ceratophyllum demersum . If its leaves are considered as

lmm diameter cylinders, by a crude approximation the surface area of lg dry weight of

plant tissue (. 17.5g fresh weight composed of 10, 40cm long tubes) is c.0.045m 2. In

Swartviel, South Africa, where P. pectinatus reaches maximum recorded biomasses

(1950gDWm-2), Howard-Williams & Allanson (1981) estimated that 1m 2 of water

surface colonised by P. pectinatus at maximum density offered about 30m2 of colonisable

plant surface. This is equivalent to 0.015m 2 gDW- 1 of plant. If it is assumed that the

actual surface area of P. pectinatus lies somewhere between these two estimates, it is

clear that typical densities of invertebrates on plant surfaces of 40 individuals gDW-1,

which translates to 900-2600 individuals m- 2 of plant surface, still fall well below those

observed on either soft and fine or hard and coarse bed substrates (c.6000-11000m-2).

Such estimates would also be in line with the densities of epiphytic invertebrates recorded

by Rooke (1984) on a range of plant substrates in a swiftly flowing stream. For example,

on Ranunculus longirostris, the species morphologically most similar to P. pectinatus,

Rooke recorded a total density of animals of 1089 m-2 of plant surface. In the present

study, surface area estimates fail to allow for the added dimension of depth in benthic

substrates and it would seem overall therefore, that despite the apparent hostility of the

water column environment, plant surfaces may remain an important additional surface for

invertebrates with sufficient powers of attachment.

More regular and fully replicated sampling covering the entire growing season is

required to determine if and how the relative status of the epiphytic populations change

according to biomass of vegetation and plant phenology. For example, in early July,

when P. pectinatus is nearing its maximum biomass, total densities of benthic

invertebrates are low (c.1000m- 2) and the relatively large biomass of vegetation may, in

surface area terms, offer a more important substrate than the bed. Bergey et al. (1992)

observed maximum total invertebrate numbers during peak canopy cover in mid-summer.

The composition of the invertebrate community is consistent with that recorded in

most other studies, particularly with regard to the predominance of chironomids (on

average 85% of total invertebrate numbers) (Krecker, 1939; Tebo, 1955; Stewart &

Davies, 1986; Wrubleslci & Rosenberg, 1990; Bergey et al., 1992) and most of the

disparity in numbers between this and other studies is due to the relatively low densities

of chironomids on the canal plants (pooled mean 28 compared with 231g- 1 in Bergey et

al., 1992). Nevertheless, the previous estimates of plant surface area suggest that, even at
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these low densities, chironomids could be equally or more abundant on plant surfaces

than on the underlying substrate, especially in unstoned areas.

Tokeshi & Pinder (1985) showed that most species of chironomids inhabiting P.

pectinatus were filter-feeders, belonging to the Orthocladiinae, which construct small

tubes or live in the stipular sheaths, whereas on broad-leaved macrophytes, scrapers

predominated. This is consistent with the sparse epiphyte loading on P. pectinatus

(Blindow, 1987; Sand-Jensen et al., 1989b; pers. obs.), which, together with the

morphology of the plant and the intermittent multidirectional disturbance may also explain

the very small quantities of detritus collected by plant surfaces. In other studies this has

been shown to be a major determinant of the density of epiphytic animals (Rooke, 1984),

notably chironomids (Drake, 1982). Boat-induced disturbance might also therefore act by

preventing deposition or entrapment on leaf surfaces of detritus filtered from the water

column, consequently reducing their attractiveness to chironomids. In a study of plant-

dwelling chironomid larvae in a chalk stream, Wright (1978) suggested that an inverse

relationship between larval density and current velocity was probably a by-product of the

negative effect of current on the accumulation of detritus and diatoms on plant surfaces.

Leeches, in particular the fish parasite Pisicola geometra, were relatively common

on P. pectinatus during October. This animal, despite its relatively large size, may be

adept at remaining attached to moving vegetation due to its powerful anterior and

posterior suckers. The opportunities for transfer onto passing fish may also be enhanced

by occupying a position higher in the water column. P. pectinatus may offer a profitable

hunting area for other species of leeches (also equipped with suckers) due to the high

density of largely sessile epiphytic chironomids and the structural simplicity of the

habitat.

In October, invertebrate species richness was strongly positively correlated with

macrophyte biomass (R 2=0.893; P=0.0045) over a range of plant biomass from 5-450g

fresh weight. Studies of macrophyte-invertebrate interactions have traditionally

concentrated on the relationship between substrate (ie. macrophyte) diversity and

invertebrate species richness (eg. Palmer, 1981; Harris, 1988); species diversity in

monospecific stands appears to have been largely ignored. However, in a study of a

series of brackish supralittoral pools in the Netherlands, Vierssen & Verhoeven (1983),

noted that species richness of aquatic coleoptera (the numerically dominant group of

invertebrates) was directly proportional to the extent of macrophyte cover (principally P.

pectinatus), although they attributed this observation to habitat permanence.

Interestingly, the relatively high diversity of species associated with the P. pectinatus

samples in this study (Table 4.8), included several larger-bodied species such as
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Nymphula, Phryganea bipunctata and Coenagrionid damselfly larvae (albeit in very

small numbers) which are normally regarded as very scarce in or absent from heavily

trafficked canals, but occur abundantly in low traffic systems (pers. obs.). This suggests

that if sufficient macrophyte habitat or refuge could be preserved throughout the boating

season, then the presumed constraints on invertebrate diversity due to high turbidity may

not be insurmountable.

Spatial differences in density and community composition in October (Table 4.8)

provide no indication that the relative importance of macrophytes as a substrate for

invertebrates is influenced by the stability of the bed. This may be because stable

substrates for attachment are scarce generally and are therefore rapidly colonised by

(drifting?) animals arriving from outside the immediate confines of the experimental site.

It is significant however, that the majority of animals found in association with P.

pectinatus are the same species, although in different relative proportions, which

characterise stoned areas of the bed and these may therefore have a general requirement

for structural stability. Furthermore Corophium, Asellus and Ecnomus were found on

plants bedded in silt as well as amongst stone, indicating that the invertebrate community

which develops on the plants is to a large degree independent of the nature of the

underlying substratum. The most spectacular numbers of Corophium were however,

recorded on plants overlying stone, possibly as a result of displacement from the benthos

due to overcrowding.

The morphology of P. pectinatus is characterised by a dense leaf canopy in the

upper third of the water column in which plant biomass and invertebrates are

concentrated. A large standing crop of vegetation and associated invertebrates should

therefore be compatible with a continued high density of animals on the bed. Indeed,

some of the evidence discussed earlier suggests that benthic invertebrate numbers might

actually increase. At much higher plant densities (eg.100gDWm- 2) epiphytic invertebrates

could therefore in theory make a significant impression on total invertebrate numbers,

even with the low densities of animals per unit mass of plant tissue encountered in this

study. At ambient plant densities (<5gm-2) however, associated invertebrates make only a

very small contribution to total numbers. Beside the possibility of propagating plants in

sidewaters it is therefore difficult to envisage tiow the role of macrophytes as a substrate

for invertebrates can be enhanced in heavily trafficked canals, without a greatly increased

planting effort or large scale protection of existing plant stands, given the apparently

intractable controlling effects of boat wash on the standing crop of P. pectinatus. A more

realistic approach may be to provide areas of hardened stable bed which appear to provide

an adequate surrogate habitat for a range of conventionally plant-associated taxa.
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4.1.3 Effects of boarding

Presumably, by controlling the dissipation of wave energy generated by passing

boats, boarding should create a less stressed environment at the toe of the bank, which

would otherwise be subject to strong reflective scour. This is likely to benefit those

organisms active on the sediment surface. However, turbidity levels were unaffected and

observations of passing boats showed that transfer of wave energy continued into the

boarded area, either by waves overtopping the uppermost board or by pressure being

transmitted through the gap between upper and lower boards. This makes the pronounced

response of some taxa to boarding difficult to explain.

The design of the boarding, which includes a partially open face that would allow

access by fish, makes it unlikely that these differences are caused by a reduction in fish

predation, although this would be difficult to verify (see 3.6). Indeed, the well

documented attraction of fish to submerged structures may accentuate fish predation

effects (see Chapter 5). Vertical wooden sheeting may also retard immigration by animals

which disperse through the sediment, such as tubificids and bivalve molluscs. Boarding

may additionally have subtle effects on the integration of detritus with sediment (although

the relative concentrations appear to be unaffected).

It is inconceivable that a well spaced row of posts should, in itself, produce

differences on the scale observed. Since those species which benefited from stoning in

other treatments were distinctly scarcer in the post treatments during 1990 and at all times

more variable in numbers, a more likely explanation is that the stone applied along the

posted section, which had generally smaller stones, but a few much larger ones than that

used in the other sections (Figure 4.5), was less suitable for stone associated species.

This is supported by observations of increased drift rates from tightly packed gravel

compared to stones and cobbles where the greater intersitial volume affords shelter from

current effects (Walton et al. 1977). The high densities of Corophium recorded in these

treatments during 1991 may have simply been due to random sampling of the small

number of much larger stones in this section or it may have been caused by the

progressive exposure of these larger, more stable surfaces with greater colonisation

potential, due to the shifting or comminution of overlying smaller material. The former

explanation seems more probable since Corophium resumed much lower densities

(c.500m-2) in post plots in September 1992, despite persisting in other stoned areas at

densities of c.2000m-2. The potentially abrasive effects of shifting stones coupled with

individually predominantly smaller and less penetrable interstitial spaces (Rabeni &

Minshall, 1977; Walton eta!., 1977) may also have created an inhospitable environment

for tubificids and induced a shift to the adjacent unstoned section where very high
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numbers were observed. Unexpectedly, however, detrital loading due to CPOM was

significantly higher in the treatments combining stoning and posts than in the other stoned

sections (Fig. 4.10). This may have been caused by the greater retentiveness of a less

coarse substrata, as proposed by Rabeni & Minshall (1977), or the closer proximity of

this block of treatments to terrestrial sources of leaf litter.

Another possible factor is that the post section, being situated downstream of the

other treatments, is therefore the last to receive drifting invertebrate colonists. The design

of the boarded section immediately upstream, which will tend to intercept and trap

animals moving downstream, could accentuate the effects of treatment sequence. The role

of directional behavioural drift as a means of dispersal for benthic organisms in canals is,

however, uncertain. Furthermore, in the post section, in contrast to the boarded

treatments, there is no obstacle to the lateral movement of animals out of the main channel

towards the bank. The possibility of a current-related gradient in the density of animals is

also unsupported by the pattern of detrital accumulation (assuming that this is determined

at least partially by the flow regime and not solely by position relative to land-based

sources). It therefore seems unlikely that the densities of invertebrates associated with

the stoned half of the post treatment are simply a reflection of its position in the sequence

of treatments although obviously this possibility cannot be excluded. Some unusual

features of the invertebrate community in the unstoned half of the post section could,

however, reflect the position of this unit within the series of treatments. In October 1991

for example, these plots contained much higher densities of chironomids than other

unstoned treatments and may have received colonists from the adjacent set of stoned plots

where very high densities of chironomids were recorded.

Plants behind boarding surprisingly supported only small densities of animals,

although species richness was higher, perhaps mainly as a function of the increased plant

biomass permitted by the wave-buffering effects of the boarding. The extensive fine-

leaved canopy appeared to be effective in retaining terrestrial animals entering from the

adjacent bank, but the structure of the boarding may have impeded colonisation by

aquatic invertebrates carried near the bed by drift, or locally influenced patterns of water

flow to the detriment of filter-feeders. Alternatively, selective cropping of epiphytic

invertebrates by fish exploiting the shelter offered by the boarding, may have suppressed

numbers (see Chapter 5).
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(A) STONE ASSOCIATED TAXA

Corophium curvispinum

Crangonyx pseudogracilis
	

Helobdella stagnalls

Caenis luctuosa

Ecnomus tenellusChironomidae

Figure 4.17. Principal invertebrate taxa

(B) SOFT SEDIMENT TAXA

Limnodrilus hoffmeisteri
	

Nematoda

Pisidium sp(p)
	

Ostracoda

Hydracarina

SCALE: X 4 approx.
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4.2 Treatment responses of individual taxa

This section considers the response of the principal invertebrate taxa to

the treatment factors with respect to existing knowledge of their autecology and life

histories. For information the main species or representative examples of taxonomic

groups are shown to scale in Figure 4.17.

4.2.1 Limnodrilus hemeisterii

Limnodrilus hoffmeisterii is cosmopolitan (Timm, 1980) and widespread in

freshwater habitats, where it is often the dominant tubificid. Kennedy (1966) also

observed that L. hoffmeisterii was the numerically dominant oligochaete in the

Shropshire Union Canal. Oligochaete communities are sensitive to the concentrations of

oxygen and organic matter in the sediment. They attain maximum densities (0.8-1.2

million m-2, Caspers, 1980; McCall & Fisher, 1980) in fine-grained sediments under

conditions of heavy organic sedimentation combined with adequate aeration

(Brinkhurst, 1974; Lang, 1985), when numbers are limited only by packing density

(Caspers, 1980).

The densities in this study, typically around 7000m-2 on soft sediment in October

1991, with a maximum recorded density of 26300m- 2, are on the borderline between

mean densities in oligotrophic lakes (1000m-2, Cook & Johnson, 1974; 30-3250m-2,

Timms, 1982) and those in highly eutrophic lakes. This is in agreement with the

relatively organic-poor status of canal sediments in heavily trafficked canals (Willby,

1989; Staples, 1992). Wiederholm (1980) considered that densities exceeding I0000m-

2 were indicative of organic enrichment. For example, Lang (1985) recorded

oligochaetes in Lake Geneva at mean densities of 6000 - 36000 m- 2 with densities

frequently exceeding 50000m- 2 and reaching maxima of 376000m-2 in areas exposed to

riverine inputs. Grigelis (1980) includes records of comparable densities of tubificids in

grossly polluted sections of the R. Neva and the Upper Volga based on an extensive

review of the Russian literature. In New Zealand, Timms (1982) recorded oligochaetes

(mainly L. hoffmeisterii ) at densities of 1600-3300m-2 in several mesotrophic lakes.

Kasprzak (1980) reported that L. hoffmeisterii was the dominant oligochaete in a canal

in W. Poland, reaching a mean annual biomass of 0.37gm- 2 out of a total oligochaete

biomass of 0.63gm-2. Coarse sediments are usually unsuitable for L. hoffrneisterii,

unless they are conducive to detrital deposition (Caspers, 1980). In Lake Baikal,

Noskova (1967) recorded the lowest densities of worms (1000m-2) in clean sand. In a

reservoir, Miroshnichenko (1971) recorded oligochaetes on different substrates with up

to 19000m-2 on silty sand, compared to only 1800-3600m- 2 on sand. Interestingly,

Slepukhina (1970) considered that the scarcity of worms in the rivers of the north
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Caucasus was due to their very high turbidity (transparency 5-25 cm). In the present

study, Limnodrilus occupied the fine sediment matrix in a stone bed at similar or

higher densities to those found in unrestrained sediment of a similar composition and

organic content, suggesting that coarse substrates, once partitioned from the effects of

organic matter concentrations, may include qilalities beneficial to tubificids.

Oligochaetes feed on bacteria (Brinkhurst et aL, 1972), usually in the upper 10cm

of sediment (Davis, 1974), by ingesting fine mineral particles or FPOM which have an

adsorbed surface coating of DOM and associated bacteria. Under ideal conditions,

tubificids feed head down in the sediment, which is carried vertically up the gut and

bacteria are digested on route. If undisturbed, at the sediment-water interface a 'lawn'

of projecting 'tails' encourage circulation of oxygenated water by continuously

undulating. In heavily trafficked canals, areas of soft sediment are well oxygenated due

to frequent resuspension, coarse grain size and low organic matter concentrations and

show no blackening due to ferrous sulphide, characteristic of anoxia. Oligochaetes are

therefore unlikely to be limited by oxygen stress, but may be controlled by an

impoverished organic food base (Sanders, 1968), physical stress caused by

mobilisation of sediments, or predation. Kennedy (1965) noted that Limnodrilus

worms were contagiously distributed in a variety of wetland habitats, but could find no

environmental basis to their distribution, so considered it must be determined primarily

by biotic factors.

Tubificid life cycles are complex, involving both sexual reproduction (cocoon

laying) followed by regression of the reproductive apparatus and facultative meiotic

parthenogenesis (Christensen, 1984; Poddubnaya, 1980), in addition to fragmentation

followed by regeneration of segments. Life-histories, fecundity and corresponding

changes in population density of L. hoffmeisterii are strongly density-dependent

(Adreani et al., 1980; Poddubnaya, 1980) and vary considerably between habitats

according to their productivity and temperature and oxygen regime (Aston, 1973;

Kennedy, 1966; Poddubnaya, 1984) and defy simple interpretation. Kennedy (1966)

observed that the age at first reproduction in L. hoffmeisterii was directly dependent on

the productivity of the habitat and that worms took longer to mature in less productive

habitats where the breeding season was shorter and more strictly seasonal. In the

Shropshire Union Canal near Chester he described a simple annual life cycle for L.

hoffmeisterii; cocoons hatched in the spring forming an expanding population mainly of

juveniles (densities doubled between July and October). These matured in late autumn-

winter and bred over winter when maximum population densities were recorded. At the

time of these studies, this section of canal was rarely navigated. It consequently

supported a diverse and productive aquatic flora and associated macroinvertebrate
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community and had accumulated an organically-rich substratum (Boycott & Oldham,

1936). In the present, heavily disturbed, organically-impoverished state, it would seem

reasonable to expect climatic factors to be more influential and life cycles of tubificids

therefore to be seasonally compressed. The maturation rate and deposition of cocoons

is well known to increase with temperature (Poddubnaya, 1959) and in relatively

unproductive habitats it is usual to find maximum densities of Limnodrilus spp during

the summer (eg. Paoletti & Sambugar, 1984) when water temperatures normally exceed

15°C. Poddubnaya (1959) concluded that L. hoffmeisterii bred once per year in the

Russian Rybinsk reservoir in June-July with the main phase of egg-hatching in August-

September. Assuming a comparable life-history in the canal, the discrepancy between

July and October densities is explained by recruitment of newly hatched worms into the

immature classes.

In 1991, autumn densities of Limnodrilus on open sediment were down by

c.40% from the previous year, while those on stoned areas showed an even greater

reduction of 80%. The reasons for this are unclear, especially since populations in July

were similar in the two years. In 1991, air temperatures during late spring were less

conducive to water warming than in the previous year, but conversely September

values were over 2°C warmer than in 1990. Since the metabolic rate and hence energy

demands of fish increase with water temperature, this may have led to greater predatory

losses of tubificids in 1991 immediately prior to the October sampling. The greater

reduction in tubificid densities observed on stoned areas, where they should have been

partially buffered from fish predation, is, however, contrary to the pattern expected

under this hypothesis. Some other possible explanations were offered in section

4.1.1.4. Alternatively, the exceptionally mild winter of 1990 may have favoured

cocoon deposition by overwintering worms, culminating in population increases later in

the year. However, Kennedy (1966) noted that while the population density of L.

hoffmeisterii in the Shropshire Union Canal fluctuated widely from year to year, these

fluctuations bore little relationship to intensity of breeding activity or climatic

conditions.

In conclusion, heavily trafficked canals appear to be inhospitable environments

for tubificids due to a combination of stress (sediment infertility and instability) and

disturbance (bed resuspension and heavy fish predation). By stoning it is possible to

remedy instability and reduce losses due to resuspension, thus leading to greater

concentrations of tubificids in the interstitial spaces of a stone substrate. Unfortunately

the complexities of tubificid life-histories and their consequent tendency to fluctuate in

numbers without obvious environmental cues prevents a clear resolution of treatment
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effects and makes it difficult to say whether benefits noted during 1990 will be

sustained in later years.

4.2.2 Hirudinea

Four species of leech were recorded during this study; Pisicola geometra,

Glossiphonia complanata, Helobdella stagnalis and Erpobdella octoculata. All are

common in canals, particularly in association with dense submerged vegetation (eg.

Candlish, 1975; Briggs, 1988; Brown, 1988). The last two species accounted for 49%

and 32% respectively of the total numbers of leeches recorded. All species occurred

only infrequently in samples and at low densities (max. 300m-2) and so, for statistical

purposes, were treated as a single group. Combined mean densities per treatment

ranged up to 60 animals m-2. Leeches were therefore negligible in terms of numbers

relative to other benthic animals (<3% of total invertebrate numbers), but due to their

individually large body sizes, particularly in the case of E. octoculata, they could make

a significant contribution (10-20% ) to community biomass.

Leeches were significantly more abundant on stoned areas than on open silt on all

sampling occasions, but exhibited no characteristic response to any other treatment

variable. Interestingly, Pisicola geometra, an ectoparasite of fish, was encountered

more often on silt or attached to Potamogeton pectinatus, perhaps reflecting the feeding

distribution of fish and the chance of successful attachment for the parasite. However,

its presence only in small numbers resulted in this specific response being overridden

during aggregation with the numerically dominant, strongly stone-favouring

glossiphoniids and E. octoculata. These species are common inhabitants of the stony

littoral of lake shores in Britain (Elliott & Mann, 1979; Young & Ironmonger, 1981).

Spelling & Young (1987) recorded them at a combined mean annual density of 437 m-2

in Crose Mere, Shropshire, a productive lake, where H. stagnalis also accounted for

50% of numbers but in contrast to the present study, G. complanata was relatively

more important than E. octoculata. In rivers, leeches are always most abundant in

organically enriched lengths, where they occur at densities far exceeding those found in

oligotrophic waters, presumably in response to increased prey availability (Hawkes &

Davies, 1971). Murphy & Learner (1982a) for example, recorded H. stagnalis alone

at densities up to 1000m- 2 in the sewage polluted R. Ely in South Wales. In the

heavily-trafficked Middlewich Branch, leeches were confined to stoned areas but the

relatively low densities observed suggest that these populations may be subject to

physical stress or food limitation.

These species predate mostly oligochaetes (Bradley & Reynolds, 1987; Young

& Spelling, 1989) plus Asellus (Hawkes & Davies, 1971), chironomids (Elliott &
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Mann, 1979, Young & Ironmonger, 1979; Bradley & Reynolds, 1987), amphipods

and trichoptera (Eliott & Mann, 1979, Young, 1981a) and, particularly in the case of

Glossiphonia complanata, gastropod molluscs (Young, 1981b). The glossiphoniids are

fluid feeders, while the erpobdellids are macrophagous.

In studies of the distribution of these leeches within a lake littoral zone, Randall,

Spelling & Young (1982) found that the majority of animals actually lived within the

compacted, sand-gravel substratum and were insensitive to variations in the size or

texture of the overlying stones; only the larger, breeding individuals were relatively

more comon on the underside of stones. Leeches in general need a firm substrate for

sucker functioning, while E. octoculata specifically requires hard solid areas of bed for

cocoon deposition. In the present study, stoned areas along the canal margin appeared

to offer some of the features characteristic of liitoral-zones, including easy access to

suitable prey items.

Although leeches are readily consumed by invertebrate predators and fish in

simple laboratory trials, serological studies (Young & Spelling, 1986) and enclosure

experiments (Spelling & Young, 1987) have demonstrated that predation pressure on

leeches in structurally more complex field environments is very light, suggesting that

the stone-dwelling habit is also an effective predator avoidance tactic.

The scarcity of Glossiphonia complanata, a 'sit-and-wait' predator (Young &

Spelling, 1989), may be due to the competitive superiority of Helobdella stagnalis, an

active hunter, in mixed, food-limited, gravel-based habitats, where relatively immobile

oligochaetes are the dominant prey item and gastropods, which appear able to

ameliorate competitive interactions between these glossiphoniids (Young, Martin &

Seaby, 1993), are largely absent.

The magnitude of year-to-year variation and the seasonal pattern of abundance is

in accord with published data (eg. Spelling & Young, 1987). Although the life cycles

of the three main species differ somewhat in terms of life span and number of broods

produced, the end result, of maximum density and biomass in September/October at the

end of summer recruitment, is ultimately the same.

4.2.3 Corophium curvispinutn

C. curvispinum is the furthest-travelled of several formerly Ponto-Caspian

gammarids which have rapidly spread northwestwards across Europe since the early

1900s, via the interconnecting system of navigable rivers and canals (Jazdzewslci,

1980). In England, C. curvispinum was first reported at Tewkesbury in 1935, perhaps
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transported there from continental Europe in shipping ballast (Crawford, 1935). It has

since established populations in many parts of the Midlands canal system (Holland,

1976, Pygott & Douglas, 1989). However, despite a substantial literature on its

geographical distribution (see Jazdzewsld, 1980), the ecology of C. curvispinum is

poorly known. The only detailed accessible accounts of its ecology and life history

relate to Lake Balaton in Hungary, where it has been present since the early 1930's

(Sebestyen, 1938) and the Dutch Rhine, a vacant niche invaded in 1987 (van den Brink

et al., 1991) in the wake of the Sandoz pollution incident in November 1986, which

decimated the native fish and invertebrate fauna (den Hartog eta!., 1992).

In this study, C. curvispinum was ubiquitous and very abundant on stoned areas

(present in >95% of samples and mostly at densities of 3000-4000m-2, with a

maximum recorded density of 32100m- 2) and extremely scarce on open silt (generally

<100m-2) giving rise to highly significant differences in density between the two

substrates. During a drawdown on the Middlewich Branch, Pygott & Douglas (1989)

noted an abundance of C. curvispinum on concrete retaining walls, stones and bricks.

They also recorded C curvispinum on vertical walling at much lower densities. In this

study Corophium was also found on woodwork used in the boarded section and on

vertical steel piling throughout the experimental length, albeit at far lower densities

(c.500 m-2) than on stoned areas of bed. Tockner (1991) also observed that C.

curvispinum was a prolific colonist of stone riprap along the banks of the Danube in

Austria, reaching mean densities in September of c. 25000m- 2. In the Lower Rhine,

where C. curvispinum had recently undergone a population explosion, it was present

on stone groins at astonishingly high average densities of 220000m- 2 0.5m below the

surface, increasing with water depth to a maximum of 750000m-2 at depths greater than

2m (van den Brink et al., 1993). These authors attribute the lower numbers at the

surface to water level fluctuations and boat wash associated with shipping activities.

Similar factors may be responsible for the reduced densities found on exposed vertical

faces in canals. Densities recorded in the Lower Rhine are far higher than have been

noted elsewhere and van den Brink eta!. (1993) give densities more comparable with

those found in this study from similar habitats in major tributaries of the Rhine system.

C. curvispinum was found at low densities (2550m-2) on river bed sands in the Rhine

system, which, relative to the densities recorded on stone, are again similar to those

observed on sediment in the Middlewich Branch (ie. c.1% of mean densities on stone).

Given the filter feeding, tubicolous habit of C. curvispinum the association with

hardened areas of canal bed is predictable. Even so, not all of this population are truly

lithophilous or tube-dwelling, since a significant proportion, mostly juveniles and

males, live freely in the interstitial substrate.
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On the Rhine, van den Brink et al. (1993) noted that Corophium densities were

positively correlated with current velocity and reached maximum densities at 0.6ms-1.

In the canal, Corophium may be limited by food availability, (planktonic diatoms,

chlorophyta and fine suspended organic matter) due to either relatively sluggish flows

(<0.1ms- 1 ) or a 'nutritionally dilute environment'. Multidirectional movement of highly

turbid water in a canal may also cause filter clogging and therefore reduced filtration

efficiency, or may require re-orientation. Typical stone sizes used in this study may

also not be conducive to maximum settlement, since the highest densities of Corophium

were generally associated with occasional large fragments of rock (>7cm in diameter)

which escaped screening. Corophium densities increased by 25% on stoned areas

between 1990-91. This was one of the few species to show a positive change in

numbers over this period. Possible implications of this increase for other stone-

associated animals are discussed in section 4.4.

Interestingly, the mean number of animals in silted areas trebled between 1990-

91, but increased by only 30% on stone, perhaps suggesting saturation of stoned areas

and displacement to alternative habitats such as macrophytes, although this increase

was not sufficiently large to be statistically significant. The frequency of Corophium in

samples collected over silt also increased from 17-34% over this period. These animals

often ocurred in small patches and could not therefore be regarded merely as randomly

occurring vagrant individuals washed out of stoned areas and carried in the drift. On

silt, densities of Corophium, although variable, were positively correlated with the

concentration of CPOM (r = 0.46; P = <0.0001). Largest numbers were generally

found in areas where relatively high concentrations of coarse organic matter lend

structure and stability to the sediment. CPOM is not utilised as a food source (although

finer detritus may be used in tube construction) and this response is therefore

presumably an extension of the requirement for firm stable substrata to provide

attachment sites from which to filter-feed, or as protection from fish predators in an

otherwise structurally homogenous environment (Ware, 1972; Lancaster et al., 1988).

It is unlikely that the observed relationship is simply a function of the passive settlement

of drifting animals in slack water zones where detritus would naturally accumulate,

since highest densities of Corophium on silt were associated with artificial implants of

'detritus' in the form of rotting hessian bags from failed Nuphar plantings (these

samples were processed but excluded from the final data analysis since they were a

treatment artefact and not representative of unstoned habitats). These structural 'islands'

may have formed what Mason (1978) described as "artificial oases in a lacustrine

desert".
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The variable responses to different types of bank shielding (although never

significant at P=0.05) are probably more directly related to variations in the stoning

treatment, or to uneven fish predation pressure caused by the attraction of fish to

submerged structures, than to the treatment regime itself.

As might be expected from a filter feeder, benthic populations of Corophium

showed no significant pattern of response to supplementary planting, although in July

1990 Corophium was significantly more common in unplanted plots. The status of

epiphytic populations was also highly variable. In May and October, Corophium was

found in small numbers on P. pectinatus, usually concentrated near the leaf junctions.

The occurrence of 1631 animals on a single plant in October 1991 was exceptional.

Pygott & Douglas (1989) also found small numbers of Corophium attached to the

stems and leaves of P. pectinatus in this canal. In Lake Balaton, C. curvispinum was

found on Ceratophyllum demersum (Sebestyen, 1938) and was recently described by

Musko (1989; 1990) as being abundant on P. peifoliatus and Myriophyllum spicatum.

In the Grand Union Canal at Milton Keynes, C. curvispinum was also common on M.

spicatum (pers. ohs.). Attachment to a macrophyte at an elevated position in the water

column offers a potentially profitable filter-feeding niche for C. curvispinum, if

interference from resuspended mineral particles is reduced or if competition with large

filter-feeding bivalve molluscs for phytoplankton or suspended detritus is relaxed.

However, turbulence may also cause losses through dislodgement. In the case of a

morphologically simple plant such as P. pectinatus, competition for secure attachment

points may be intense. This growth form also affords little protection from fish

predation. Musko (1992) showed that fecundity of C. curvispinum on M. spicatum

was poor compared to other microhabitats. Reduced fecundity may occur (i) due to egg

loss related to overturn within the tube (Moore, 1978), which is presumably increased

due to water turbulence or (ii) egg consumption by brooding females due to food

shortages. Plants therefore appear to represent a suboptimal niche for C. curvispinum,

to which animals may be displaced due to overcrowding in preferred microhabitats.

The life history of C curvispinum has only recently been described in detail,

although the accounts for Lake Balaton (Musko, 1992) and the Lower Rhine (van den

Brink et al., 1993) are not consistent. Musko (1992) studied C. curvispinum on

Myriophyllum spicatum, but concluded that only two generations were produced

annually, one hatching in May-June and maturing rapidly and at a small size to give rise

to a second generation hatching in August-September. This second brood overwinters,

maturing and breeding in the spring of the following year. However it is equally

possible to infer three generations per year from his data, which is quite probable in

Balaton, given water temperatures mostly >20°C between May-September. Another
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possibility is that sampling only the epiphytic component of the population omits or is

biased against certain life history stages. In the Rhine, van den Brink et al. (1993)

concluded that three generations were produced annually, in April/May, July and

October. In the Balaton population, a predominance of females, which is consistent

with results from other populations over a wide geographical range, including the

present study, has led Musko (1992) to suggest that C. curvispinum is multi-brooded,

in line with other gammarids.

In the samples collected in the Middlewich Branch, large ovigerous females were

dominant in early July, while small juveniles were common in October. The life history

of C. curvispinum in Britain has not been described, although the numerical changes

observed in the present study from sampling in May, July and October are consistent

with those reported from the Rhine (van den Brink era!., 1993), where peak densities

were encountered during August-September and October-November, preceded by a

consistently low abundance during spring and early summer. Given the summer

breeding strategy and the implied sensitivity to water temperature, which is in line with

that of other amphipods (eg. Hynes, 1955; Sutcliffe, 1992), it is possible that in British

waters, the onset of reproduction is delayed allowing only two generations to be

completed. A simple study to elucidate the life-history of C. curvispinum in Britain

would be welcome.

The general features of reproduction of benthic and plant associated populations

suggest that, as with other amphipods, fecundity and developmental rates in C.

curvispinum are environmentally determined. Life-history traits such as high

fecundity, high reproductive investment (three generations per year and multiple

broods), short developmental time and brief life span (less than one year) are also

characteristic of an r-selected species (van den Brink era!., 1993).

4,2.4 Asellus aquaticus 

Asellus aquaticus occurred at significantly higher densities on stone than open

sediment on all sampling dates except July 1991. A. aquaticus is a widely distributed

isopod with catholic requirements (Williams, 1962). It is common amongst emergent

vegetation (Chambers, 1977) and Cladophora (Andersson, 1969; Adcock, 1979) and

in canals is often the most abundant macroinvertebrate in or directly beneath beds of

submerged macrophytes (Reynolds & Eaton, 1983; pers.obs). Asellus spp have also

proved to be rapid and prolific colonists of supplementary allochthonous material added

to lakes to improve wildfowl production (Andersson & Danell, 1982; Street & Titmus,

1982). In standing waters it also frequents stony areas of the littoral zone (Andersson,

1969, Spelling & Young, 1987), a niche which is apparently replicated in this study by
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stoning. These physically structured habitats provide shelter, protection from predators

and access to a food supply of algae (Moore, 1975), fresh or decomposing macrophyte

tissue (Marcus era!., 1978; Williams, 1962) or allochthonous detritus. Materials of this

type may serve additionally as 'carriers' of microbial communities such as aquatic

actinomycetes (Marcus & Willoughby. 1978). The preference of shredders, including

Asellus, for organic matter conditioned by hyphomycete fungi or bacteria and the

enhancing effect which these may have on assimilation efficiency and growth rate is

well documented (Barlocher & Kendrick, 1975; Cummins, 1974; Kostalos &

Seymour, 1976; Rossi & Fano, 1977; Graca et al., 1993). It would be interesting to

know if the disturbed, highly turbid character of heavily trafficked canals influences the

rate, extent or composition of microbes colonising leaf litter and consequently the

quality of the food available to shredders.

A. aquaticus often reaches maximum densities in organically enriched, low

velocity streams (Hynes, 1960; Hawkes & Davies, 1971; Iversen &Thorup, 1988).

For example, in the sewage-polluted R. Ely in South Wales, Murphy & Learner

(1982b) recorded mean densities in July of about 1500m- 2 which increased to over

25000m-2 by late September with a maximum of 64000m- 2. Similarly, in an organically

enriched Danish stream, Asellus was found at mean densities of c.2000m- 2 in July

increasing to over 20000m-2 in October (Iversen & Thorup, 1988). Lake populations

show less seasonal variation than stream populations and a narrower range of densities

with generally much lower maximum values. Iversen & Thorup (1988) attribute this to

the greater stability of lake environments compared to periodically spatey streams.

Andersson (1969) recorded A. aquaticus at densities up to 10000m-2 in Lake Erken in

N. Sweden, but maximum densities from most lakes for which published data is

available appear to be around 2-3000m-2. In this study A. aquaticus occurred on

stoned areas in October 1990 at mean densities of c.600m- 2 with a maximum recorded

density of 3500m-2. These densities are in line with lowland lake populations in Britain

(eg. Adcock, 1979).

Densities of A. aquaticus on the canal bed never differed significantly between

planted and unplanted plots. In May, numbers of A. aquaticus on the foliage of P.

pectinatus were negligible (<0.1 gDW- 1 of plant tissue), but had increased to 1.3 g-1

by October. Even at this density however, the standing crop of P. pectinatus would

need to be exceptionally large for epiphytic populations of A. aquaticus to make a

significant contribution to total areal densities (see 4.2.2.3). P. pectinatus is a

potentially attractive microhabitat for A. aquaticus, since it may accumulate detritus,

provide a substrate for epiphytic algae or release organics during senescence. However,

at low biomass densities, the simple architecture of the plant is ill-suited to supporting
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large populations of A. aquaticus, or providing protection from fish predation,

especially in a canal where poorly attached animals may be dislodged by pulsed

disturbance.

Densities of A. aquaticus were consistently lower in treatments combining posts

and stone than in the boards and control treatments where densities were always

similar. This trend was maintained during 1992. Again the only obvious explanation

for this is that the predominantly smaller 2T9 de of stone used in treatments with posts is

inhospitable to A. aquaticus. This may be due either to smaller individual interstitial

spaces which are less easy for animals to penetrate or yield a poorer food supply.

Populations of A. aquaticus at temperate latitudes, including Britain are either

bivoltine (Murphy & Learner, 1982b; Potter & Learner, 1974; Okland, 1978) in which

a spring generation is released from late April to late June, matures rapidly and

produces a summer brood between late July to October, or mixed univoltine-bivoltine

(Aston & Milner, 1980; Adcock, 1979; Chambers, 1977; Iversen & Thorup, 1988;

Steel, 1971), where some females of the spring brood overwinter before reproducing

the following summer. Regardless of the number of generations produced, this pattern

of recruitment results in an increase in densities from March up to a maximum in mid-

September, followed by a rapid decline in the overwintering population (Murphy &

Learner, 1982b; Iversen & Thorup, 1988). The changes in density observed in this

study, ie. an increase from May to October, are therefore compatible with published life

histories.

In October 1991 the densities of A. aquaticus on stoned areas were down by 75%

on the previous year (Table 4.3). This was one of several species to show a marked

decline over this period for no obvious reason, although similarly low densities during

July 1991 may have been the immediate cause. Iversen & Thorup (1988) noted changes

on a similar scale in a riverine population of A. aquaticus, due to the failure of juvenile

recruitment which appears to be a particularly vulnerable phase in the life history of A.

aquaticus. In a Leicestershire pond, Adcock (1979) attributed a 90% reduction in

autumn population densities of A. aquaticus between successive years to the

unexplained premature mortality of ovigerous females. Since the growth rate in A.

aquaticus is known to be temperature dependent (Mladenova, 1992), unusually cold

regional air temperatures during June 1991 (2.5°C below average) may have caused a

weak first generation of A. aquaticus, as is implied by the low July densities.

Subsequently, poor recruitment may have led to low October densities, despite above

average temperatures from July-September. Conversely, during 1992 when

temperatures were 1-2°C above average for the first half of the year, densities of A.
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aquaticus on stone in the post section of treatments had risen above those recorded there

in July 1990, but by October, following a cold summer and presumably poor

reproductive success, they had fallen back virtually to extinction (Figure 4.18a).

4.2.5 Microcrustacea

Comparing both areal and volumetric densities, the only clear effect of the

different treatment variables in October is for higher relative densities in the interstitial

substratum amongst stones than on open sand. Even this difference however, is not

significant at P=0.05, due to a high degree of spatial variability. Many workers have

commented on the tendency for microcrustaceans to reach high densities on or in

sediments, relative to those found in the water column (Smyly, 1974; Hall et al., 1970;

Edmondson & Windberg, 1971; Nadin-Hurley & Duncan, 1976; Morgan, 1980), but

these comments have usually been aimed at improving estimates of zooplankton

production, rather than understanding the ecology of benthic microcrustaceans. Willby

(1989) established the presence of large concentrations of microcrustacea on the bed of

both heavily and lightly trafficked canals. This component of the benthic fauna is

undoubtedly under-represented at the sampling stage in the present study, due to mesh

size selectivity. This also tends to bias faunal composition in favour of relatively large

and immobile ostracods, which appear to be more associated with the soft sediment

matrix than the sediment-water interface. However, examination of selected meiofauna

samples has demonstrated the general predominance of cyclopoid copepods, once this

finer size fraction is taken into account. This is in agreement with previous studies at a

nearby heavily trafficked canal site (Staples, 1992; Willby, 1989) and in other turbid

waters (eg. McCabe & O'Brien, 1983; Hart, 1986; 1988). Hart (1987) attributed the

relative insensitivity of copepods to high turbidity to their selective, raptorial feeding

habit. These species feed on benthic diatoms and FPOM plus associated bacteria, or

predate the adults or nauplii of other species. Ostracods may also be relatively selective

feeders, exploiting benthic algae and FPOM.

Several other species contributed locally to the benthic microcrustacea, most

notably the chydorid Alona affinis and the macrothicid Ilyoctyptus sordidus. The

additional presence in small numbers of Chydorus sphaericus, Pleuroxus uncinatus and

Alonella excisa, at this and a nearby site (Willby, 1989) suggest that the assemblage of

benthic cladocerans in heavily trafficked canals is representative of the benthos of the

unvegetated littoral zone of lakes and slow flowing rivers (see Robertson, 1988). It is

impossible to obtain a true impression of benthic cladoceran populations in this canal

with the sample processing techniques employed, but preliminary examination of

samples from May, July and October, filtered with a 25012m mesh, suggests an upper

limit of c.10000m-2. Although this will still omit many of the neonate stages it seems
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inevitable that the benthic cladoceran populations are small when compared to values in

structurally similar habitats (eg. 307500 chydorids m-2 in L.Lacawac; Goulden (1971)

and 50000 benthic cladocerans m- 2 in R. Thames at Twickenham; Robertson (1988)).

I. sordidus was abundant in May 1992, when this species was found on open sand at

densities of up to 7300m- 2 (allowing for mesh size selectivity this is probably

comparable to the October mean of c.13000m- 2 recorded in the Thames by Robertson

(1988)) although on this occasion densities of animals in volume standardized samples

were similar between stone and sand. The relatively more stable environment of silt-

filled interstices may offer advantages to microcrustacea, if it reduces upward mixing

into the water column during turbulence and wave scour, which might cause abrasive

damage and dispersal of temporary food patches and demand energetically costly

reorientation. It is perhaps for this reason that relative densities of microcrustacea were

significantly higher on stoned areas in July of both years.

In line with other infaunal taxa, densities of microcrustacea were significantly

reduced in 1991, in this case to approximately one tenth of the mean values recorded in

1990. The causes of this are unclear although during 1991, mean air temperatures in the

months preceeding sampling (ie. June and September) were 2°C down on 1990 which

may have been significant in view of the temperature-sensitivity of reproduction in

microcrustacea (eg. Bottrell, 1975). Seasonally, densities increased markedly between

July and October. By contrast, Staples (1992) recorded maximum densities of

zooplankton in the Shropshire Union Canal during the summer, including high

densities near the bed on the offside of the canal. Robertson (1988) also observed

maximum population densities of benthic Cladocera (mainly Disparalotia rostrata and

Leydigia leydigi) in the Thames during June and early July and, in marked contrast to

the present study, noted an autumn peak of I. sordidus and only a small spring

population. Fish predation has been widely implicated in crashes in chydorid

populations (Goulden, 1971; Williams, 1982). In view of the extensive feeding on

benthic microcrustaceans by fish at the experimental site (Chapter 5), predation also

seems likely to be a key determinant of seasonal populations changes noted in this

study.

4.2.6 Chironomidae

Benthic chironomids showed no consistent response to planting (although they

dominated the epiphytic fauna), or to bank shielding, but were generally commoner in

the posted section due to the high population densities in the stoned part of this plot.

There was a marked difference in abundance between stoned and control treatments

however. Chironomids occurred at low densities (<300m-2) on both substrates during

July, but in October were 3-8 times more numerous on stoned areas than on open silt,
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occurring during 1990-91 at mean densities of 1000-1300m- 2 (maximum 5900m-2)

compared with 150-300m-2 (maximum 4300m- 2) on unstoned areas. In the supporting

study to assess fish predation effects, carried out during 1992 using the posted section

(see Chapter 5), chironomids were found to be much more abundant generally,

particularly in the summer, but a 5-fold difference in density between stoned and

unstoned areas was maintained at all times (Figure 4.19b).

Most chironomids are small, morphologically similar, deposit feeding detritivores

and are therefore often described as typical opportunist insects, living as generalists,

frequently in unstable environments. However, during the last 20 years, developments

in the taxonomy of chironomids and techniques for their identification, including

revised keys, have led to an appreciation of their often complex community structure

and microhabitat preferences, which facilitate partitioning of even apparently uniform

habitats by a surprisingly large number of species and their instars.

Unfortunately the problems of chironomid identification for the novice are

formidable, especially where the species concerned are small and cannot be

distinguished on the basis of external characteristics, as was the case in this study.

What is probably a finely structured community of considerable interest has therefore

had to be treated as a single entity, due to time constraints and lack of experience.

Given the known habitat preferences of the main subfamilies of the Chironomidae

(Coffman & Ferrington, 1984), it is likely that the Chironomini, which generally

predominate in depositional environments, are the main group in this study. The

familiar large bloodworms of the genus Chironomus, which are widely regarded as

indicators of organically enriched, fine anoxic sediments (eg. Hynes, 1960) and are a

ubiquitous component of the benthos of lakes (Brinkhurst, 1974), were predictably

absent. Species of this genus appear to be scarce in heavily trafficked canals in general.

Studies of chironomid communities from stony-bottomed streams and rivers (eg.

Pinder, 1980; Morris & Brooker, 1980; Drake, 1982; Grzybkowska, 1991) and the

littoral zone of wave-disturbed lakes (eg. Lindegaard, 1980) would suggest a shift

towards an Orthocladiinae-dominated community on stoned areas of canal bed.

Estimates of total population densities from other locations vary very

considerably, both temporally and spatially and as a result of differential losses during

sieving, but away from sites subject to organic enrichment, where chironomids may

reach enormous densities and Chironomus species usually predominate (70000m-2,

Kajak, 1958; 44000m-2, Koehn & Frank, 1980), mean numbers are generally in the

range 500 - 5000m-2 (see Murray, 1980). For example, in a study of the chironomidae

of the River Frome, a chalk stream in southern England, Pinder (1980) recorded
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chironomids on a gravel and flints substrate at densities of 1422-4157m- 2 (mean

2432m-2) in September. Making allowance for mesh size selectivity, comparable

densities of chironomids were recorded on stone in the canal at this time of year.

However, densities for individual substrate types are seldom quoted. There are few

reports of chironomid densities in autumn of below 1000m- 2 on soft sediments, for

example in soft-bottomed lakes and reservoirs and along river margins. Densities are

frequently several times higher than this (eg. Brown et al., 1980). In the study by

Pinder (1980), chironomids (principally Chironominae) were found on soft sediments

at between 1351-2702m-2 (mean 1910m-2). Grzybowska (1991) reported chironomid

larvae (again mainly Chironominae) at annual mean densities of 4000-5000m- 2 in river

margin habitats, where coarse-fine sand and silt were the dominant substrate.

Chironomids therefore appear to be unusually scarce on a sand-silt substrate in canals.

Frequent bed disturbance is expected to constrain numbers on soft sediment by

reducing feeding efficiency due to disturbance and by increasing predation risk and drift

rates. Skinner (1985) considered that chironomids were poor drifters, due mainly to

their inability to exit having entered the drift. How significant this is in a slowly-

moving canal is uncertain. A coarse, stable substrate might however reduce drift rates,

or provide an exit route for animals being moved over the bed. Reduced resuspension,

coupled with a physical refuge, also ought to control predation rates. Food patch

formation or the introduction of novel foods associated with biofilms on stone surfaces

may improve foraging efficiency and allow greater diversification.

Although chironomids as a group are now known to span the full trophic

spectrum, including net spinners, tubicolous filter-feeders, algal scrapers and species

predatory on microcrustacea, oligochaetes and other chironomids (eg. Kajak & Warda,

1968; Dusoge, 1980; Titmus & Badcock, 1981), it is assumed in the present study, in

view of the small sizes of the majority of the larvae observed (<8mm) and the

difficulties of identification, that they are feeding primarily on FPOM and associated

bacteria or unicellular benthic algae. Mackey (1979) showed that three of the commoner

larval chironomids in the River Thames were relatively unselective in their diet,

consuming mostly fine detrital particles.

Detailed quantitative studies of chironomid distribution are scarce, but have

emphasised the importance of grain size, sediment heterogeneity and organic loading in

a variety of habitats (McGarrigle, 1980; Winne11 & Jude, 1984; Rae, 1985). In the

present study, most chironomids were found to have narrow head capsules and small,

slender flexible bodies with a thick integument. Tubicolous forms were absent. Winne11

& Jude (1984) observed morphologically similar chironomids at comparable densities

to those in the present study, at a range of water depths in sandy, lake sediments with a
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grain size distribution similar to that found in heavily trafficked canals (Willby, 1989).

They postulated that this body morphology was an adaptation to allow rapid substrate

penetration and avoid costly reorientation or possible exposure to predation during

mobilisation of the bed by wave action. Similar features may be of adaptive significance

in frequently disturbed, heavily trafficked canals. The larger, thicker, soft-bodied

tubicolous species of chironomids, found by Winne11 & Jude (1984) to occur mainly at

depth in fine stable sediments, are also widely encountered in the fine organic rich

sediments of sidewaters and lightly trafficked canals (pers. obs.).

Chironomid life histories are usually multivoltine, which gives rise to peaks in

abundance throughout the breeding season, sometimes as an ordered succession of

species (eg. Davies & Hawkes, 1981; Drake, 1982; Timms & Badcock, 1980). Lack

of discrete generations due to continuous recruitment may however hinder the

discernment of individual life histories. When viewed en masse, as in this study,

individual life histories are similarly obscured and the pattern of seasonal variation

probably largely reflects the life histories of the dominant taxa. Stream studies

involving a range of chironomid communities have generally reported maximum

densities of animals in summer (May-September) under conditions of normal flow (eg.

Mackey, 1977; Pinder, 1977; Wright, 1978; Drake, 1982; Morris & Brooker, 1980),

but equally, where samples are taken sufficiently regularly, it is not uncommon to find

a trough in numbers during July and/or densities rising in early autumn.

In the present study, the mean density of chironomids on sand-silt did not differ

between July and October, while on stone there was a 6-7 fold increase in numbers

over this period in 1990-91. This led to a marked contrast in chironomid densities

between stoned and unstoned areas in October compared with July, when numbers on

both substrates were similar (Figure 4.18b). This supports the suggestion that the

taxonomic composition of chironomid populations differs between the two substrates.

The Orthocladiinae, which are expected to predominate on stone, are known to be more

reproductively active in autumn and winter. In the Frome, where Orthocladiinae

predominate, Pinder (1980) noted that densities were strongly depressed during July

when compared to May and September. During 1992, high densities of chironomids

were recorded in the canal in May, but only on coarse substrate, in contrast to the

generally high densities Pinder (1980) recorded at this time of year in the Frome.

During 1992, high chironomid densities ( c, 1500m-2) also persisted on stoned areas

through July, possibly then as a result of unusually mild spring temperatures, although

by late September they had doubled, in line with previous years, despite a cool August

and September (Figure 4.5.).
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During the spring, fish are motivated to feed by rising water temperatures

increased metabolic rate) and a requirement to recover body reserves depleted over

winter or during spawning. Heavy losses of chironomids to fish predation might

therefore be expected to occur at this time of year on account of the high density of

benthivorous fish in the canal (see Chapter 5). Since stoned areas should be subject to

less predation pressure due to the negative effect of structural complexity on foraging

efficiency (eg. Brusven & Rose, 1981), the higher densities found there during May

1992 compared to those on the simple, unstructured control substrate may therefore

reflect differential predation pressure, as well as a difference in taxonomic composition

and timing of reproduction (see Chapter 5).

4.2.7 Ecnomus tenellus

The caseless larvae of the caddis fly Ecnomus exhibited a strongly seasonal

pattern of abundance, occurring almost exclusively on stoned areas of canal bed.

Jenkins (1977) also reported Ecnomus to be associated with stone surfaces. This

species showed no response to the other treatment variables which were investigated.

Unfortunately little is known of the ecology or life history of this very distinctive

caddis. It was present sparsely in the heavily trafficked South Oxford Canal (Edwards

et al., 1987), but has not been recorded in the Montgomery Canal (Briggs, 1988),

Kennet & Avon Canal (Brown, 1988), the Greater Manchester Canals (Guest, 1989) or

the Grantham Canal (Morton in Candlish, 1975), all of which are lightly disturbed,

plant-rich habitats. Jenkins (1977) however, reported Ecnomus as being abundant on

water plants, particularly Chara, in a Welsh lake, while it occurred commonly on

Myriophyllum spicatutn in the Grand Union Canal at Milton Keynes and on Elodea

nuttallii in the Lancaster Canal (pers. obs.). In the present study, Ecnomus was

frequently observed in small numbers on Potamogeton pectinatus. In rivers it has also

been found on the submerged adventitious roots of alder and willow (I.D. Wallace

pers. comm.). This apparent preference for macrophytic vegetation in conjunction with

water movement supports the suggestion of Eddington & Hildrew (1981) that this

species is a net-spinner. In this study however, there was no evidence of net

construction on stones by Ecnomus. A low index of dispersion for Ecnomus

(b=1.09), indicative of a near uniform distribution, was reflected in a mean sampling

precision of 25% which, using only 9 replicates, is surprisingly high for a numerical

population density of only c. 300m-2 (Morin, 1985). This is also uncharacteristic of

net-building species which tend to be highly sensitive to local variations in microcurrent

velocities (Eddington, 1968; Williams & Hynes, 1973) and therefore highly patchy in
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their distribution. Morin (1985) found that density estimates for shredders and

predators were significantly less variable than for all functional groups combined. In

aquaria, starved Ecnomus have been observed to predate chironomids and tubificids

(I.D. Wallace pers. comm.). The observed non-aggregative distribution leading to

maximised foraging success and reduced mutual interference, might therefore indicate a

predatory lifestyle (Walde & Davies, 1984a). An alternative and perhaps more probable

explanation is browsing of an evenly distributed food source such as epipelic algae,

since the gut contents of a small sample of larvae of varying instars collected from

stoned areas were comprised almost exclusively of diatoms, green unicellular algae and

short filaments of Cladophora, although small numbers of cyclopoid copepods were

also found. It is therefore considered that Ecnomus, in line with its original

classification as a psychomyiid, feeds primarily by scraping encrusting algae from

stone surfaces, but may also have a facultative predatory feeding mode.

The life history of Ecnomus has not been described, but the seasonal pattern of

abundance suggests that it is broadly similar to that of other caseless caddis flies. In

early July, Ecnomus larvae were either absent or present only as fourth instars at very

low densities, thereby indicating the timing of pupal emergence. In October, following

egg laying by the emerged adults, probably in early August and subsequent hatching,

Ecnomus was present as high densities (typically 300-400m-2) of second instar larvae.

During a separate study carried out in 1992, Ecnomus sampled in May consisted of

large fourth instar larvae, as predicted for this life cycle. Densities of animals were also

comparable to those recorded the previous autumn, suggesting low mortality of

overwintering individuals (Figure 4.18c).

• 4.2.8 Caenis luctuosa

Caenis luctuosa was significantly more abundant on stoned areas than raw silt. It

showed no distinct response to any other treatment factor. Elliott et al. (1988) describe

C. luctuosa as occurring in or near the surface of open silt, or silt which accumulates

between gravel and stones. The Caenidae are unique among mayflies for their ability to

thrive in highly silty environments. A pair of sclerotized gill covers protect the

underlying gills which, by beating out of phase, minimise silt resuspension and the

possibility of smothering (Eastham, 1934). Elliott et al. (1988) categorise C. luctuosa

as a collector-gatherer which feeds on FPOM. As with other mayflies, faecal material

generated by shredders is probably also consumed, although the numbers of animals

recorded in this study may have been too small to establish a correlation with mass of

FPOM or CPOM.
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Although recorded only rarely during the first year of monitoring (<10m-2),

continuing colonisation of stoned areas took place over the following two years with

c.50m-2 in October 1991 increasing to c.300m-2 in October 1992. C. luctuosa has a

univoltine life cycle in Norway (Brittain, 1974), but is bivoltine in the Netherlands

(Mol, 1983). In this study, the absence of C. luctuosa in early July suggests that this

population is univoltine (Figure 4.18d). Small nymphs born in late summer were

recorded in October and, in May 1992, large pre-emergence nymphs from the single

overwintering generation were found.

4.2.9 Hydracarina

The ecology of the hydrachnellid water mites is poorly understood, due partly to

their size, taxonomic problems and notoriously difficult identification. No detailed

attempt at identification beyond family was made in this study although on the basis of

epimeral plates, body shape and eye position, most individuals appeared to be members

of the genus Lebertia. Mites were recorded at extremely low densities in 1990, but were

markedly more abundant in 1991 on stoned areas in both July and October. Interstitial

habitats associated with riverine sands and gravels have proved to be a productive

source of new British species (Gledhill, 1979). The adults and nymphs of most water

mites are active predators which detect their prey tactually and feed on their body fluids.

Gledhill (1985) lists among their prey small insect larvae (eg. chironomids, Trichoptera

and Ephemeroptera), nematodes, oligochaetes, Amphipoda, Isopoda, Coleoptera and

benthic microcrustaceans. The eggs of chironomids, caddis-flies and some fish are also

predated. In practice mites therefore probably feed to a greater or lesser extent on all the

aquatic invertebrate taxa commonly encountered in this study. Their greater abundance

on stoned areas may indicate an increased density, or improved access to preferred prey

items. Pennak & Van Gerpen (1947) reported higher concentrations of hygrobatid

mites in coarse gravel than in sand or amongst large stones and rubble.

Mites were found to be more abundant in October than in July in both years. Life

histories are complex and usually include a larval stage which is parasitic on aquatic

insect larvae.

4.3.10 Pisidium spp

In terms of density per unit area of colonisable substrate, stoning resulted in an

increase in pea-mussels, although the contrast between stoned plots and open sediment

was only significant during 1990. No other treatment plots showed a consistent pattern
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Table 4.11. Examples of population densities of Pisidium spp from
a range of habitats

Species
	

Density (nm-2) Habitat/ location Source
(where given)

Pisidium sp.

P. casertanum

Pisidium sp

P. personatum
P. obtusale

Sphaeridae

P. supinum

P. casertanum
P. subtrucatum
P. henslowanum

100
(July mean)

26-536
(annual mean)

1 000-1 300
(annual mean)

21 500
18 000

(both annual mean)

3 000
(annual mean)

24 000
(annual maximum)

9 000
(maximum)

3 273
3 025
375

(annual maxima)
4 000

(3 spp. combined
annual mean)

gravel pits
Great Linford, UK

rivers and lakes
Ontario, Canada

small lowland river
floodplain. VA, USA

temporary pond
Berlin, Germany

lowland river
R. Issel, Netherlands

proftmdal zone of
eutrophic lake
L. Esrom, Denmark

Giles et al.
(1992)

Kilgour & Macicie
(1991)

Gladden & Smock
(1990)

Heitkamp
(1980)

Hinz et al.
(1982)

Holopainen &
Jonasson
(1983)

of differences. Sphaeriids are a characteristic component of the lake benthos

(Brinkhurst, 1974) where they are often abundant in the soft- or clay-bottomed

profundal regions (Harman, 1972; Jonasson, 1984) normally avoiding coarse

substrates. Gale (1971) showed that Sphaerium transversum could discriminate

between small differences in grain size in penetrable substrates. Hinz et al. (1982)

recorded maximum densities of P. supinum (9000m-2) in slack regions of a river, near

Glyceria maxima stands where the sediment comsisted of sand thinly covered by mud.

Otherwise the detailed habitat preferences of sphaeriids are poorly known. Pisidium

casertanum and Pisidium subtruncatum, the two most cosmopolitan species, are
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generalists which tolerate a wide degree of environmental variation (Holopainen &

Jonasson, 1983). Kilgour & Mackie (1991) studied Pisidium case rtanum at 17 sites in

Ontario, but could not detect any significant correlation between abundance, biomass or

production and sediment characteristics such as geometric mean particle size and CPOM

or FPOM content. Street & Titmus (1982) also noted that Pisidium in a gravel-pit lake

was distributed independently of the concentration of allochthonous detritus introduced

in the form of straw. The insensitivity to detrital matter is consistent with the findings

of the present study. On both natural and stoned areas the regression between density

of Pisidium and CPOM mass explained less than 2% of the variance in Pisidium

densities. Replacing CPOM with FPOM failed to improve this correlation. Pea mussels

are sub-surface filter-feeders. Lopez & Holopainen (1982) showed that they feed

preferentially on bacteria suspended in the interstitial water, rather than on organic

matter adsorbed onto sediment particles. In unstable areas of silt Pisidium may be

prone to burial due to sediment sorting caused by resuspension and gradual resettlement

of finer material. The stability of silt-filled stone interstices may therefore offer a more

favourable microhabi tat.

During 1990-91 Pisidium occurred on silt at mean densities in July of c.70m-2

with a maximum of 2000m- 2. In October 1990 numbers in the canal on silt averaged

nearly 1100m-2 with a maximum of 5500m-2 compared with over 1500m- 2 for a

comparable area of equivalent substrate in stoned areas (maximum 6600m- 2). These

densities compare reasonably favourably with estimates from other habitats (Table

4.11).

The Sphaeridae are hermaphrodite and iteroparous. They retain their offspring in

the gill brood-sacs, releasing them when they have reached lmm in length (Holopainen

& Hanski, 1986). Demographic variables are environmentally determined; abundance,

productivity and biomass are generally higher in warm-water environments, although

density-dependent regulation of growth rates, associated with food availability (Way &

Wissing, 1982), then usually leads to a reduction in maximum individual size and size

at sexual maturity (Kilgour & Mackie, 1991). Highest fecundity and shell-weights are

usually recorded in well-buffered environments (Kilgour & Macicie, 1991). Life-span,

rate of development and timing of reproduction vary widely and both bivoltine

(Heitkamp, 1980; Way & Wissing, 1982; Kilgour & Mackie, 1991) and univoltine

(Kilgour & Mackie, 1991; Holopainen & Jonasson, 1983) life-histories have been

described in Europe and North America for some of the commoner species. However,

in temperate regions, most populations from rivers or lake littoral zones appear to

produce two generations annually, the first in spring and the second in late summer -

autumn. An increase in density between between July and October, as observed in the
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present study, is therefore to be expected, due to juvenile recruitment. The population

decline between 1990-91 is in line with that observed at the site for several other

benthic species, although in this case populations on stone and open silt were affected

equally. Densities in July during these two years were comparable, suggesting that the

low densities observed in October 1991 were caused by weak recruitment.

4.2.11 Unionid bivalves 

Two species of unionid bivalves were recorded in this study, Anodonta cygnaea

and Unio pictorum, but as was expected, these occurred only rarely in routine cores

(frequency of occurrence: 6%) due to their inherently low mean densites. On a separate

sampling visit in September 1992, 200 live specimens of these two species were

collected by hand by searching soft-sediment on the offside bank along a 100m section

of canal. Hand-collection of large molluscs underestimates the 0 and 1 year age classes

(Haukioja & Halmla, 1978), but in the absence of a drawdown, the preferred method

for assessment of unionid populations (Libois & Hallet-Libois, 1987), hand searching

allows rapid coverage of a large area and thus appears to offer an acceptable

compromise. The shells collected consisted of 85% Anodonta and 15% Unio with a

mean total population density in marginal areas of c. 2-10 mussels m- 2. Staples (1992)

recorded these species in the same proportions at Beeston on the mainline of the

Shropshire Union Canal (Nat. Grid Ref SJ 549601), albeit at apparently much lower

densities.

Collection of mussels by hand indicated that they were highly aggregated in their

distribution, as commented on by Staples (1992). Small 'pods' of 2-5 vertically

oriented shells were often encountered wedged immediately at the toe of the piling. This

position may lie in the shadow of wave scour reflected by the vertical bank and

therefore offer a relatively stable niche. The low densities and general contagion of

large bivalves, in particular their habit of occurring very close to the bank, suggest that

conventional techniques for sampling the benthos may greatly underestimate the size of

unionid populations in canals. Downing & Downing (1992) recommend the use of

large (ie. 1m2) sampling units to ensure an acceptable level of precision for population

estimates of large bivalves commensurate with a practical sampling load. At the

densities of molluscs noted in the Middlewich Branch, population estimates with a 20%

precision would require 8-17 samples of 1m 2, compared with a clearly impractical-

200-1000 samples of 0.01m2.

In contrast to some other heavily trafficked canals and other water-bodies in

Chesire (Staples, 1992) the Middlewich Branch site appears to support a large healthy

population of unionids. Pygott (1987) also observed large numbers of Anodonta in
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this canal at nearby Cholmondeston when the bed was exposed during a dewatering in

1986. Shells recovered in the present study were aged on the basis of growth rings (see

Hauldoja & Halcala, 1978). No shells older than six years could be found, suggesting

that an overwinter dewatering in 1986 may have led to a mass mortality of molluscs.

Recent work has suggested that external annuli in unionids may be non-annual

(Downing et al., 1992) thus casting doubt on the validity of this approach and

suggesting a need for caution in the interpretation of these results. Staples (1992)

recorded A. cygnaea and U. pictorum at densities of 0.44 and 0.05m-2 respectively at

Worleston on the Middlewich Branch during a drawdown in 1988, although at this time

the population may have been only in the early stages of recovery. Other estimates of

population density range from 15m- 2 for three species of unionidae combined (Stone et

al., 1982) to less than 1m 2 for Anodonta cygnaea (Libois, 1988) in lowland lakes. In

infertile lakes, Huebner et al. (1990) recorded the North American species Anodonta

grandis grandis at a mean density of 0.13m-2 with a maximum of 4.3m-2.

The size of the unionid population at this site is surprising in view of the

apparently adverse conditions of high turbidity, which, reportedly, may greatly reduce

filtration and clearance rates in mussels (L,00sanoff & Tommeo, 1984; Aldridge et al.,

1987). Upon examination of their gut contents, most mussels taken from the canal were

found to contain a dense 'soup' of epipelic diatoms, euphytoplankton and FPOM

although small quantities of fine sand and silt were frequently present among the gills

and in the mantle cavity. Clearly waterborne concentrations of algae and FPOM are

adequate to sustain mussel production and population densities against the potential

stresses imposed by boat traffic.

With a dry weight of soft-body parts of 0.2-05g for the 2-3 year old animals

which predominate, increasing to 1-2g for the older specimens (5-6 years old), it is

readily apparent that unionids may account for a very significant proportion, in some

cases the majority, of benthic invertebrate biomass (cf. Libois & Hallet-Libois, 1987).

It is therefore most important that their role in the ecosystem of heavily trafficked canal

ecosystems is properly elucidated. In the River Thames, Mann (1964) and Negus

(1966) emphasised the importance of mussels in regulating energy flow. These animals

may be regarded as a trophic 'dead-end', since only the youngest individuals are preyed

on by fish (Mann, 1964; Negus, 1966), the older ones being too large to handle

(Libois, 1988). Consequently, a sizeable pool of energy is effectively immobilised in

the larger, older individuals which are unavailable to higher trophic levels, except

perhaps to very large carp (Cyprinus carpio) or bream (Abramis brama), which may

consume mussels by crushing the shell between their pharyngeal teeth. de Nie (1982)

also reported the consumption of large bivalves (Anodonta spp and Dreissena

258



polymorpha) by large eels (Anguilla anguilla) in Tjeukemeer. It is very difficult to

quantify the influence of eels on the benthos due to their ability to evade capture by

conventional netting techniques by burying themselves in the mud; no eels were taken

during seine netting in this canal (Chapter 5), although they are undoubtedly present

(Pygott, 1987). Mussels may however, via their pseudofaeces, play a pivotal role in

improving the flow of energy to collector-gatherers by digesting and repackaging

phytoplankton and suspended organic matter as FPOM, thereby reducing export losses

of organic matter in suspension. This may be particularly important during the summer,

when boat passages cause frequent scour and resuspension of the bed, allochthonous

inputs to the benthic food web are small, but phytoplankton standing crops may be

temporarily high.

Stoning introduces extensive areas of hard stable substrate which are a

prerequisite for attached sessile filter-feeders such as Corophium, but inimical to large

shelled animals which habitually live half-buried in the upper layers of sediment.

Although stoning did not completely eliminate large bivalves, their preference for fine

substrates is well known (Huekher, 1987). Lewis & Riebel (1984) showed that

burrowing rates of freshwater mussels were inhibited in gravel substrates compared to

sand, clay and mud, although they did not consider substrate properties to be the

primary determinant of local distribution patterns of mussels. Of 35 animals recovered

in random samples from the canal, 77% were found on silt. Hence, on stoned areas a

filter feeder represented by low numbers of large bodied animals with a high standing

crop (c.3-4gDW (soft parts) m-2), but limited accessibility to fish, is largely replaced by

Corophium which is characterised by a high density of small bodied animals with a

comparatively low standing crop (1-2gm-2), but greater accessibility to fish. Published

annual production estimates for Anodonta species are wide ranging (4.3 -73gm-2) but a

live. weight P/B ratio for unionids of 0.25 (Stone et al., 1982; Hanson et al., 1988)

suggests a production value for unionids at this site of 10-25gm- 2yr- 1 . Similar estimates

are unavailable for Corophium curvispinum, but on the basis of P/B ratios for other

amphipods and production estimates for similar densities of estuarine species of this

genus, it is most unlikely that production will exceed 10gm-2p-- 1 and may well closely

resemble that of the displaced mussels. However, at low rates of water flow.

Corophium curvispinum, a passive filter-feeder which relies on behavioural

mechanisms such as tube orientation and exploitation of local currents to optimise food

entrapment, may be unable to match unionids in terms of biomass production due to the

pumping ability of the latter, which gives them access to a large filterable volume of

water and suspended food. Stoning therefore appears to rechannel suspended FPOM

and phytoplankton resources towards a small, easily consumed, highly fecund, fast-
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growing species exemplifying 'r' type reproductive strategies (Stearns, 1976), and

away from a more typically K-strategist.

4.2.12 Terrestrial invertebrates

'Terrestrial' organisms were included here owing firstly to their potential

importance as fish prey items (Allen, 1938; Mann et al., 1972; Hunt, 1975) and

secondly because their presumably passive, random entry to the system is uncorrelated

with the treatments under investigation, so their pattern of accumulation is analagous to

that of allochthonous leaf litter. This group mainly encompassed insects from the orders

Diptera, Hymenoptera and Hemiptera-Homoptera, together with small numbers of

Coleoptera and Arachnids. The families involved were representative of pasture

edge/riparian habitats. The aerial stages of aquatic insect larvae were included, in line

with most related studies.

In October 1990, a significantly higher density of terrestrial animals was found on

stoned areas than on open silt. This suggests that animals sinking to the bed might

subsequently be transported by water movement, accumulating where they reach a

more structured and consequently more retentive substrate. Alternatively, assuming an

equal supply of terrestrial animals to stoned areas and open silt, it is possible that on silt

these offered large, easily located prey items for fish, but on stone tended to be carried

into small interstices where they became moribund. In October 1991, when terrestrial

invertebrates were recorded less frequently, no significant differences in density were

observed between substrates.

No consistent pattern was noted with the different bank shielding treatments.

There was no indication of entrapment of animals in upstream treatment plots with a

subsequent depletion towards the post plots. This was surprising, particularly during

1991, when the woodwork forming the boarded section was densely colonised by

opportunist annual plants (PLATE 4.8). A steady supply of animals dislodged from

vegetation growing at water level, coupled with reduced water movement at the bed and

thus an increased retention time for terrestrial inputs, might have been expected to cause

an increased density of terrestrial invertebrates associated with boarding, but this was

never observed, presumably owing to the dispersive effects of boat-wash or increased

fish activity.

Terrestrial invertebrates were found at higher densities in early October than July,

possibly reflecting a combination of weather conditions, such as wind and rain, which

increase allocthonous inputs in general, including invertebrates (Norlin, 1967; O'Hop

& Wallace, 1983) and sample timing relative to life history stages such as egg laying

and flight periods. Conversely, summer inputs of terrestrial invertebrates may be
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subject to intense feeding pressure from fish. Mason & MacDonald (1982) however,

noted a bimodal pattern of inputs of terrestrial invertebrates from a tree canopy to a

stream with a trough in early summer. Norlin (1967) found that inputs of terrestrial

invertebrates to a Swedish lake were trimodal with peaks in late May, late July and

early September. Studies of fish diet in temperate streams have found that the

proportion of terrestrial invertebrates is greatest during the summer, when the

availability of conventional aquatic macroinvertebrate prey is reduced due to insect

emergence (Angermeier, 1985; Lotrich, 1973). The timing of peak inputs of terrestrial

prey compared to the numbers consumed by fish suggests however, that their dietary

importance may depend less on their availability than on the availability of aquatic prey

(Garman, 1991).

4.3 Colonisation characteristics of stoned areas

There is now an extensive literature on the colonisation of substrates by freshwater

invertebrates, mostly in streams. These studies have exploited the substrate preferences

of individual species, by offering either artificial substrates such as bricks and tiles or

natural substrates, usually placed in sunken trays. They have considered colonisation at a

range of levels from the individual stone (Lake & Doeg, 1985) to the whole stream bed

(Williams & Hynes, 1976).

The present study was not intended to track the course of invertebrate colonisation,

but it is appropriate to consider the results of some previous studies in terms of observed

colonisation rates especially with respect to the introduction of a substrate which is

radically different from the local type. Colonisation curves which describe changes in

total number of species with time generally show a short rapid increase followed by a

plateau phase during which the number of species remains more or less constant,

although the species composition may change (see Minshall & Petersen, 1985).

Equilibrium is reached when the number of species stabilises, reflecting equal rates of

extinction and colonisation (MacArthur & Wilson, 1963). Studies with less rigorous

requirements often assume a month for completion of colonisation, although in practice

times vary widely according to patch size, proximity to a source of colonists and the type

of habitat. Khalaf & Tachet (1977) reported complete colonisation of implanted stones

within 16 days. Lake & Doeg (1985) found that colonisation of individual stones in an

upland stream reached equilibrium within 8-32< days, depending on flow conditions and

the nature of the substrate, while Meier et al. (1979) concluded that 60 days exposure

was inadequate for complete colonisation of multiplate samplers in a stream. Very small

patches of moss were colonised within 7 days (Maurer & Brusven, 1983), but larger

areas require considerably longer. Williams & Hynes (1976) found that the number of

species on a new section of stream bed required 109 days to stabilise, while Brooker
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(1982) reported that recolonisation of a reinstated gravel bed in the Afon Gwyrfai, Wales,

took approximately one year. In the present study 125 days had elapsed before the July

1990 sampling, by which time it was assumed that colonisation of stoned areas would

either be complete or at an advanced stage. True equilibrium may however, only be

reached over a long period, due to remoteness from a reservoir of suitable colonists, low

rates of drift due to slow, uniform flows and the initiation of the experiment at a time

when invertebrate densities appear to be inherently low. For example, in the littoral of a

subtropical lake disturbed by nest-building cichlids, Fuller & Cowell (1985) found that

the rate of recovery to the pre-disturbance state was considerably faster in spring and

summer when the dominant invertebrates were abundant, than in the winter when the

same species were scarce.

In March 1991 a short additional length of canal downstream of Plot 12 was stoned

for the purpose of comparing growth of planted native and introduced plants on a coarse

substrate. Invertebrate populations in this plot were sampled after 28 days (plants were

not introduced until May). On the basis of a comparison with the invertebrate fauna

expected on established adjacent areas of stone at this time (these values were derived

from May 1992 data) colonisation appeared to already be at an advanced stage after 28

days, although the density of colonists was relatively low. It is likely however, that

colonisation of this patch was accelerated by the presence immediately upstream of an

established stone-based fauna developed over the previous year from stoning carried out

in 1990. As well as the natural innoculum of tubificids, chironomids and Pisidium drawn

into the stone interstices from the underlying silt, early colonists included Corophium and

Gammarus pulex. Many studies of invertebrate drift and colonisation have remarked on

the high mobility of Gammarus spp and their consequent ability to rapidly colonise new

substrates. In the main experiment the occurrence of Gammarus pulex in October 1990

may therefore have been only a transitory phase. Minshall & Petersen (1985) have

stressed the upmost importance of drift in structuring benthic invertebrate communities in

streams. Although directional drift rates in canals are probably low due to the slow flow

of water, catastrophic drift of animals entrained in multidirectional turbulence caused by

boat passages may still provide an effective, if somewhat traumatic, means of dispersal.

In general however, little is known of the existence or role of dift movements of

invertebrates in canals and its importance relative to other mechanisms of colonisation.

Colonisation of stoned areas by other, less mobile species may depend on their slow

'continuous redistribution' over the bed (Townsend & Hildrew, 1976), or from existing

'reservoirs' of sedentary species, associated for example with steel piling.

Despite an immediately adjacent reservoir of potential colonists, Ecnomus was

noticeable for its scarcity after 28 days (22m-2) compared to an expected density of
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c.250m-2. Predicted densities for this species should be fairly accurate since densities on

the adjacent upstream plot were remarkably consistent during the two previous years,

while the survivorship of overwintering larvae appears to be high (see 4.2.7).

Colonisation of recently stoned areas by Ecnomus therefore appears to be slow. Several

other workers have concluded that delayed colonisation of sterile substrata, particularly

by scrapers, reflects the time required for development of an intact organic surface layer

or periphyton (Rounick & Winterbourn, 1983; Lake & Doeg, 1985; Meier et al., 1979).

Walton (1978) showed that some species of macro-invertebrates would preferentially

settle on natural stones, if offered these in combination with sterile substrata. Hildebrand

(1974) demonstrated a higher rate of drift in an algal scraper, Ephemerella needhami,

when exposed to stones on which attached algae were sparse. Some potential colonists of

sterile stone beds may arrive to find an organically impoverished habitat and therefore re-

enter the drift in search of improved feeding areas.

A similar situation to that observed for Ecnomus may also apply to gastropods. In

heavily trafficked canals, species such as Bithynia tentaculata and Acroloxus lacustris

habitually occur at low densities on steel sheet piling, where they graze an established

periphyton community and can adhere closely to the substrate, thus resisting

dislodgement by wave action (pers. obs.). Towards the end of this investigation these

species were being recorded more frequently in stoned areas, albeit still at very low

densities. This may have resulted simply from random sampling of intrinsically rare

species which were present at an earlier date, but were under-recorded at that time. It may

also reflect the extremely low densities of drifting larvae, or the low dispersive abilities of

adult molluscs which rely largely on their own powers of locomotion, being too heavy to

be carried significant distances in the drift without damage. Alternatively it may indicate

an improved profitability of stoned areas as a feeding habitat for grazers, once sufficient

time has elapsed for a layer of organic matter and epipelic algae to develop.

These results suggest that there may be a general benefit in using more natural

material in substrate enhancement projects in canals. Coarse material extracted from canal

sediment by screening dredgings on site will have a preconditioned organic coating, so

would be attractive in this respect.

4.4 Species interactions
The extent to which species interact with one another and the degree to which

interactions between competing species or predators and their prey consequently mould

community structure, has pre-occupied ecologists for the last 50 years (eg.

Roughgarden, 1983). In this respect benthic invertebrate communities are no exception,
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although most studies relate to the last 20 years and have concentrated on the role of

biotic interactions (competition and predation) in determining microdistribution patterns

(eg. Peckarsky, 1979; McAuliffe, 1984ab; Peckarsky & Dodson, 1980b), relative to

the effects of physical gradients such as substrate particle size, current velocity and

detrital concentration (eg. Rabeni & Minshall, 1977). As Minshall & Petersen (1985)

point out however, documenting the existence of biotic interactions, usually in the

laboratory, is quite different from demonstrating their contribution to community

structure in the field.

In perturbed environments, communities are conventionally viewed as species

poor and simply structured, relative to an undisturbed counterpart (Holdgate, 1979). In

the stressful, heavily disturbed, superficially homogeneous environment of a heavily

trafficked canal, invertebrate populations could easily be envisaged as an assemblage of

randomly-interacting species with little underlying structure, their densities maintained

below the levels required for biotic interactions to become significant. The concept of

such non-equilibrium communities has been applied to tropical rainforests (Connell,

1978) and algal communities (Sousa, 1979), but until recently (see Minshall &

Petersen, 1985) was also widely held to predominate in streams due to the

unpredictable effects of flow (eg. Reice, 1980; 1984; Winterbourn et al., 1981). In

heavily trafficked canals, increased stability of the bed due to stoning might therefore

be expected to confer structure on the benthic invertebrate community as a result of

increased niche diversity and the increase in population densities of both predators and

their prey. The relationship between densities of detritivores and CPOM, which has

already been discussed in detail (4.1.1.2), is equivocal on this matter. Few species

display significant correlations with the mass of CPONI and there is no clear evidence

that these correlations are stronger or more common on stable stoned areas than on

unmodified sediment. The suitability of CPOM as a factor from which to infer

invertebrate feeding relationships and community structure is, however, questionable.

Testing for significant correlations between pairs of species offers an alternative

approach to this hypothesis. The matrices on the following pages illustrate significant

positive and negative relationships between species on the two substrate types based on

Spearman's Rank Correlation tests (Table 4.12). In all cases negative relationships

predominate but in October the number and strength of positive correlations and total

number of correlations is markedly higher on stoned areas in both years. Negative

values might suggest mutually exclusive physical habitat requirements, or an

avoidance, displacement or interference interaction between two species (McAuliffe,

1984b). A positive correlation between two species could imply overlapping habitat

requirements, with niche partitioning on the basis of gradients too fine to detect from

relatively large cores, or an association between a predator and its prey. On the soft
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substrate, Pisidium and Limnodrilus are one of the few pairs of species to be highly

significantly positively correlated. In their studies of lake benthos, Holopainen &

Jonasson (1983) have remarked on the similarities in microdistribution and feeding

requirements of Pisidium and tubificids.

Several studies have stressed the importance of prey density relative to physical

factors in determining the microdistribution of predators. Hildrew & Townsend (1976;

1982) reported aggregative responses in the predators Sialis fuliginosa and

Plectrocnemia conspersa, which were determined by the nature of chironomid and

stonefly prey patches, while Malmqvist & Sjostrom (1984) obtained similar results in a

study of the microdistribution of two large predatory stoneflies Dinocras cephalotes

and Isoperla grammatica. Other positive correlations between invertebrate predators

and the densities of their prey have been reported by Kajak & Kajak (1975), Fahy

(1975) and Hawkins eta!. (1982).

In the present study, true predators contributed only 1% of the numbers and

biomass of macrobenthos and therefore, compared to a range of 2-20% for freshwaters

in general (Kajalc, 1980), appear to be poorly represented. Leeches account for the bulk

of predator biomass. Sialis lutaria, the only other large, exclusively predatory species is

however, probably commoner than is suggested by its abundance in this study. A large

emergence of alder flies was observed in the vicinity of the experimental site during

May 1992. The high mobility of the larval stage may allow it to evade sampling due to

the slow penetration of the corer on stone susbstrate. Smaller predators common to

both substrates include mites, Tanypodinae larvae and c,eratopogonid midge larvae, but

all were found to be scarce. The number of top predator species (ie. those not

consumed by other invertebrates) relative to the number of possible prey species

encountered over a two year period (10:27=0.37), does however, conform very closely

to the mean ratio of 0.36 (range 0.29-0.48) quoted by Jefferies & Lawton (1985),

based on an extensive survey of published data.

Other, more numerous species are facultative carnivores, an example being

Gammarus pulex which is known to predate Asellus aquaticus (Bengtsson, 1982) and

Chironomus spp (pers. obs.). Sutcliffe & Carrick (1981) successfully cultured

Crangonyx pseudogracilis on fresh macrophyte tissue, but other species in this genus

are known to eat small chironomids and meiobenthic species such as rotifers,

harpacticoids and copepod nauplii (Kajak & Kajak, 1975; Shwartz, 1992), so C.

pseudogracilis is included here as a facultative predator, although its specific diet is

unknown (Embody, 1911). Ecnomus tenellus also appears to be omnivorous (I.D.

Wallace pers. comm.) and is tentatively included here as a possible predator.
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The importance of omnivory in freshwater food webs is currently in dispute. On

the basis of an examination of published information on food webs, Pimm (1982) and

Briand & Cohen (1987) suggested that it was rare, whereas an intensive study of

invertebrates in a Yorkshire pond by Warren (1989) revealed a high incidence of

omnivory. In a heavily trafficked canal, omnivory may be especially important in late

summer prior to macrophyte senescence and leaf fall, when, as in streams, the CPOM

available to shredders is likely to be highly dispersed and of low palatability (Gee,

1988), but there is an abundance of freshly recruited juveniles of a variety of species

which offer suitable alternative prey items. If heavily trafficked canals are considered as

non-equilibrium environments, this finding is at odds with the view of Briand & Cohen

(1987) who suggested that omnivory is primarily a feature of constant environments.

However, even heavily trafficked canals are characterised by time sequenced changes in

food availability corresponding to summer phytoplanIcton and autumn leaf fall for

example, and might therefore be more predictable environments than they at first

appear.

Few predators appear to show a high fidelity for a single prey type, so it may be

unrealistic to expect strong correlations between a predator and the density of a single

known prey species. Pooling a repertoire of candidate prey, as done by Fahy (1975)

and Townsend & Hildrew (1979), may therefore be necessary to gain a clearer

impression of the distribution of a predator relative to its prey. Figure 19 illustrates the

relationship between all predatory species and total herbivores (assumed to be potential

prey items) for each substrate type considered independently, using data pooled from

both years. The distribution of predator numbers was normalised using an aggregate

variance stabilizing power function (Taylor, 1961) calculated as 0.4. Although

predators are more numerous on the coarser stable substrate, the strength and

significance of the correlation between their numbers and those of their prey

(R2=0.229; P.---<0.0001), compared to the lack of a significant correlation on silt

(R2=0.003), supports the argument that species interactions are more structured and

more frequent in structurally stable and heterogenous habitats. The small numbers of

predators on silt may be comprised mainly of disorientated individuals which have been

disturbed by resuspension or fish predation and therefore uncoupled from their prey

distributions. Non-parametric correlations (Spearman's Rank) summarised in Table

4.12, suggest that several predator species are either uncorrelated with one another or

exhibit mutual avoidance reactions. An overall predator-prey correlation on stone may

therefore include complementary microscale distributions of individual predator
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Figure 4.19. Simple linear regressions of total predatory invertebrates
against total detritivores (potential prey) on contrasting substrates
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species. However, as discussed below, the expectation of a straightforward, monotonic

relationship between two interacting species is probably oversimplistic.

In Figure 4.20, the distributions of the three most numerous known- or

potentially- predatory taxa (leeches, Gammarus pulex and Ecnomus tenellus ) are

displayed with respect to densities of their potential prey. Predator distributions are

transformed using a variance stabilizing function specific to each species, to satisfy the

requirement for normality on the y-axis in linear regression analysis. All taxa,

Gammarus in particular, show a clear tendency for an increase in numbers with

increasing prey density, as reflected by both the regression coefficients and the

significance of the ratio between regression and residual mean squares (ie. an F-test).

When the data are displayed as a histogram of mean predator densities in different prey

classes, a more complex picture emerges, which suggests that a linear relationship is

not a particularly useful model for interpreting the interaction between predator and

prey. Gammarus shows a clear tendency towards aggregation at high prey densities,

suggestive of an ideal free distribution (Sutherland, 1983) and thereby supports the

results of previous studies (eg. Hildrew & Townsend, 1976; Malmqvist & SjOstrOm,

1984). Leeches and Ecnomus however, tend to increase until they reach moderate

prey densities (18000m-2), but thereafter show a decline in density. This might be

caused by prey interference effects with foraging efficiency or mutual interference

effects among competing predators. Also, since large numbers of Corophium are

primarily responsible for the highest classes of prey densities, it seems possible that the

tube-building behaviour of this species may, due to coverage of stone surfaces,

eliminate alternative feeding mechanisms (eg. scraping of algal films in Ecnomus),

reduce hunting efficiency or prevent concealment in leeches, or simply reduce predator

success by providing a prey refuge. The relatively uniform distribution of Ecnomus is

also reminiscent of that of another grazing caddisfly larvae, Leucotrichia pictipes,

which McAuliffe (1984b) showed to result from aggressive defence of feeding

territories. Non-aggregative predator responses have also been explained in terms of

adaptive behaviour which maximises foraging success by reducing mutual interference

effects (eg. Peckarsky & Dodson, 1980b; Walde & Davies, 1984a). The ability of

Gammarus to maintain an aggregative distribution may be due to its greater mobility,

which allows it to sample, assess and move rapidly between different prey patches as

their profitability changes (cf.Sutherland, 1983) and a lack of dependence on alternative

stone-based food resources. The circumstantial support for pre-leaf fall predatory

feeding in Gammarus pulex complements observations by Gee (1988) of reduced mid-

late summer growth in this species in a Cotswold stream, and suggests that in the canal,

Gammarus may exploit invertebrates as a means of averting seasonal food limitation.
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Hildrew and colleagues have argued that invertebrate predators play an increasing

role in stream food-web structuring when fish are absent or excluded, which in their

studies occurred due to low (Hildrew et al., 1984; Schofield et al., 1988). This

argument was based on an observed increase in the population density of large

invertebrate predators with a decline in pH (equivalent to a progressive reduction in fish

predation pressure). Crowder & Cooper (1982) made similar suggestions regarding the

increased role of large predatory invertebrates in densely vegetated, complex habitats

from which fish may be effectively excluded. The density of total predators (ie. obligate

plus facultative carnivores) in the present study was 5-10 times higher on stoned areas

than on silt and predators accounted for about 6% of invertebrate numbers on stone

compared to only 1% on silt, although the relative roles of abiotic factors and fish

predation are undetermined. While these microhabitats are not comparable in terms of

their structural complexity, it seems likely that invertebrate predation plays a

proportionally greater role in community structuring on stoned areas, which are

presumably subject to reduced predation pressure from fish, than on areas of silt where

densities of invertebrate predators are very low and consequently fish predation alone is

the main driving force. This may contribute to the failure of the main infaunal species

such as Limnodrilus to show a more positive response to stoning, as discussed earlier

(4.1.1.4).

The extent to which these communities are also influenced by interspecific

competition is difficult to assess. While resources are at concentrations which are

potentially severely limiting, fish predation or density-independent disturbance may

reduce populations of the main species sufficiently for competition to become relatively

unimportant (cf Paine, 1966; Connell, 1978), thereby maintaining a non-equilibrium

community. Stoning may also permit a finer degree of resource partitioning by

increasing niche diversity.

Sedentary or semi-sessile species which compete intra- and interspecifically for

space and food are most amenable to studies of interference competition (eg.

McAuliffe, 1984b; Walde & Davies, 1984a). In a study of the Lower Rhine

ecosystem, van den Brink et al. (1993) attributed the significant decline in densities of

several benthic invertebrates, including Gammarus tigrinus, chironomids and a

hydropsychid, to the simultaneous rapid expansion in numbers of Corophium

curvispinum which rendered stone surfaces uninhabitable by other species due to tube

construction. In the present study there was a 30% (but non-significant) increase in

numbers of Corophium between 1990-91, but this may have resulted merely from

random sampling of larger stones in the post section and it is doubtful whether this
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increase alone could have contributed to the decline of many species which occurred

over this period. Furthermore, Ecnomus, which feeds partly by scraping algae from

stone surfaces and should therefore be highly sensitive to any change in its food

availability, as might be caused by an increase in stone coverage by Corophium tubes,

showed no change at all in density over this period.

Strongly infaunal species such as Limnodrilus may also experience food

deprivation due to detrital sequestering by epibenthic animals. Over time, stoned areas

may therefore progress towards a predominantly epifaunal community. A

disproportionate reduction in tubificid densities which occurred on stoned areas in

1991, may have been caused by interception of FPOM by chironomids and Corophiurn

near the sediment surface, thereby preventing percolation of fine detritus deeper into the

matrix.

In summary, a detailed examination of the contrasting benthic communites of

stoned and unstoned areas suggests that, at least in early October, there is evidence of

an underlying structure to these communities, especially on the stone substrate, with

biotic interactions playing an increasing role. Furthermore the structure of these

communities appears to be broadly repeatable between years. During the summer,

heavy disturbance by boat traffic (and perhaps fish predation) may however, enforce a

non-equilibrium state, both by imposing density-independent controls on populations

and uncoupling species interactions through bed disturbance. This is supported by the

reduced substrate fidelity of many stone associated species during July (Figure 4.6),

small population sizes and the scarcity of significant correlations between species which

at other times of the year display similar habitat requirements or form predator-prey

relationships (Table 4.10). In conclusion, it is hypothesised that in heavily trafficked

canals, as in some streams (Minshall et al., 1985), the benthic community fluctuates

between a summer, non-equilibrium state, driven principally by stochastic processes

associated with heavy boat traffic, reverting in the autumn to a more structured

community in which deterministic forces play a greater role as traffic densities decline.

4.5 Community structure

4.5.1 Introduction 

To summarise the ecological processes which characterise different habitats, in

this instance structurally distinct substrata, it is necessary to integrate all types of

interactions between species which involve the transfer of energy and trace these back

to a common energy base. In heavily trafficked canals this energy base is provided

mainly by allochthonous inputs of leaf-litter from bankside trees. Staples (1992)
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estimated that allochthonous matter accounted for 83% of the primary 'production' at a

comparable nearby site on the Shropshire Union Canal. In this respect these canals are

akin to low-order woodland streams (Teal, 1957; Fisher & Likens, 1973). At its

simplest level, community structure and energy flow may be illustrated by a production

pyramid based on primary producers and decomposition products, proceeding up

through several stages of secondary producers from decomposers and herbivores to

primary and secondary carnivores. This approach has commonly been adopted in

studies of terrestrial ecosytems (eg. Odum, 1970), but Mann (1975) discussing energy

flow in rivers, considered that it was too static and simplistic to be helpful. At its most

complex, community organization may be displayed as a food web which includes the

interactions between all species. This has rarely been attempted for freshwater

ecosystems (Williams & Feltmate, 1992). Individual food chains are usually quite short

(Pimm ,1982), but the result of combining a large number into a single food web

yields a picture of such bewildering complexity, (see Tavares-Cromar (1990) [cited in

Williams & Feltmate (1992)] for an example), as to be of doubtful interpretive value,

unless the enviroment is subdivided spatially or temporally, as in the approach used

successfully by Warren (1989). A compromise descriptive approach for summarizing

feeding relationships is possible using functional groups of invertebrates, as defined by

Cummins (1973) on the grounds of mode of feeding and size and type of food particles

ingested.

The increase in species richness which is seen on stoned areas is accompanied by

trophic diversification. This is consistent with the results of other studies e.g. Hildrew

eta!. (1984). The increase in species number is therefore not merely due to an addition

of species of the same feeding guilds, but also to the addition of new trophic groups,

indicating either that a greater range of food resources are on offer in this structurally

more complex environment (without deliberate manipulation of food resources), or that

the greater stability of this habitat permits exploitation of resources which though

present, are normally inaccessible to silt dwellers. Table 4.13 and Figure 4.21 compare

the contribution of different trophic groups to total density of animals on the different

substrates, based on pooled data for 1990-91. Some species as indicated have been

assigned to two groups to allow for omnivory. An index of feeding group diversity (D)

as devised by Hildrew eta!. (1984) and based on Simpson's diversity index (Simpson,

1949), is also used to summarise the difference between the two communities.

D=1/E Pi2

Two values have been calculated, the first using only predator, collector, filter-

feeder, scraper and shredder categories, according to Hildrew et al. (1984), the second
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Table 4.11 Trophic composition (n.m-2 ±1 S.E.) and feeding group
diversity for invertebrates on stoned and natural canal substrates.

Functional Group Stoned

(N=105)

Unstoned

(N=108)

P

True predators 76.2 ±10.4 37.0 ±7.4 **

Collector-gatherers 4204.8 ±362.3 5938.9 ±541.2 **

Filter-feeders 3837.1 ±466.2 824.1 ±82.6 ***

( predatory 367.6 ±27.2 26.9 ±8.4 ***

Scrapers
( non-predatory 12.4 ±4.6 3.7 ±1.8 (n s)

( predatory 63.8 ±21.1 4.6 ±3.1 **

Shredders
( non-predatory 380.0 ±59.6 7.4 ±2.5 ***

Feeding Group Diversity t

simple 2.444	 1.296

split scraper / shredder categories 	 2.448	 1.302

*** = P<0.001; ** = P<0.01	 t see text
(ns) = 0.05<P<0.1.

using additional hybrid trophic groupings to allow for omnivory. Although some

obligate predatory taxa are scarce and omnivorous species make the greatest

contribution to the overall density of predators, this refinement of the trophic diversity

measure has a negligible effect on the values calculated, due to the relative scarcity of

non-predatory scrapers. Both values clearly however, highlight the greater diversity of

feeding groups on stoned areas. By manipulating benthic fauna, it appears possible to

stimulate secondary production or change its pattern of allocation between functional

groups without actually changing the timing and amount of detrital inputs. A stone-

based invertebrate community should therefore improve the efficiency with which

allochthonous inputs are processed and recycled and accelerate the transfer of energy to

higher trophic levels.
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Figure 4.21. Piecharts comparing relative contributions of different functional
groups to the total invertebrate community on contrasting substrate types
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contribution of omnivores to the proportion of predators.



Figures 4.22.a and b are offered as hypotheses of invertebrate community

structure on the two contrasting substrate types, based on documented or presumed

functional relationships of the main taxa (see section 4.2) supplemented for some

species by gut analyses.

4.5.2 Natural soft sediment

This may be viewed as a control community, being the pre-stoning treatment. It is

envisaged that CPOM enters the system mainly as tree-leaves, which are reduced to

FPOM, at a rate depending on species and age (Petersen & Cummins, 1973), through a

combination of saturation, water movement, mechanical abrasion and bacterial and

fungal action. Mechanical comminution may be fairly rapid in heavily trafficked canals,

due to scouring and resuspension of the bed, although these processes could also

promote the export from the system of detritus which is not integrated into the bed.

CPOM may also be generated in situ by damage or senescence of macrophytes (ie.

Potamogeton pectinatus), or bryophytes (principally Rhynchostegium riparioides), but

the amount of material arriving by this pathway is likely to be very small, even with

supplementary planting, and retention time appears to be brief. Rapid leaching of

soluble phenolic compounds and carbohydrates (Suberlcropp et al., 1976) may

contribute a pool of DOM although this may subsequently flocculate in the water

column to form FPOM with the rich suspension of charged colloidal particles perhaps

accelerating this process. Bacteria, which may colonise ultrafine mineral and organic

matter on the bed and in suspension, may also be important concentrators of diffuse

organic carbon. Phytoplankton, which probably contribute the bulk of autochthonous

primary production, are extracted from the water column, together with suspended

FPOM, by filter-feeding unionid bivalves (mainly Anodonta cygnaea). These materials,

phis an inoculum of gut microflora, are subsequently transferred via pseudofaeces to

the pool of sedimentary FPOM, where they become accessible to collector-gatherers.

This functional group, comprising mainly oligochaetes and chironomids, directly ingest

FPOM or mineral grains with an adsorbed layer of bacteria and organic matter. In the

case of tubificids, the conversion of organic matter ingested at depth (up to 50mm

below the surface) to consolidated faeces deposited at the sediment surface, could be

important in the nutrition of benthic microcrustacea, such as ostracods. All the collector

taxa, with the probable exception of Pisidium, may, at some stage, provide prey items

for mites and the midge larvae, Ceratopogon and the Tanypodinae. Predatory

invertebrates are however, poorly represented in unstoned areas and direct consumption

by fish seems likely to have a strong controlling effect on collectors.
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4.5.3 Stone armoured sediment

The pattern of community organisation found in unstoned areas provides a

template on which the stone-based invertebrate community is constructed.

Allochthonous inputs are supplied via the same routes, while autochthonous production

in the form of epipelic algae growing on stone surfaces represents an important

additional food source for invertebrate grazers, principally Ecnomus tenellus. Large

filter-feeding bivalve molluscs are virtually eliminated by stoning, but are replaced by

high densities of Corophium curvispinum, which performs a similar functional role in

terms of incorporating phytoplankton and waterborne FPOM into the benthic food web.

Asellus and Gammarus may contribute directly to litter processing by fragmenting

coarse material, feeding preferentially on detritus conditioned by aquatic hyphomycetes.

Invertebrate shredders are important in their own right as generators of FPOM, but

could be of proportionally greater significance, if, as a result of stoning, mechanical

comminution of leaf litter by resuspension is partially prevented. FPOM voided as

faeces, which also contain a rich microbial inoculum, represents a nutritious food

source both for juvenile shredders (Rossi & Vitagliano-Tadini, 1978) and collector

detritivores. These organisms break down shredder-faecal pellets and reprocess faecal-

and microbially-produced organic matter, thus generating progressively finer particles

which are accessible to smaller invertebrates, while continuing to provide a direct

substrate for micro-organisms. Predators are well represented in stoned areas, the core

group of mites and carnivorous midge larvae being supplemented by a group of top

predators, consisting of leeches and the alderfly larvae Sialis lutaria. The top predators

may consume members of any of the other functional groups including other smaller

predators. They are also complemented by the presence of facultative predators

including the shredders Gammarus pulex and Crangonyx pseudogracilis and perhaps

also the grazer Ecnomus tenellus.

In general, stoned areas therefore appear to represent a tighter, more structured

system, where cycling of organic matter in situ and a reduction in early losses due to

shredder activity, leads to more efficient utilisation of allochthonous detrital resources.

Meanwhile the stone itself provides a suitable substrate for epipelic producers, thus

introducing a novel food resource, while at the same time offering attachment sites for a

filter-feeder which substitutes for the reduction in bivalve molluscs.

The role and influence of fish as top predators and the potential implications of

substrate based manipulation of community structure are considered in detail in the

following chapter.
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5. SUMMARY

Due to the diversity of findings the main points in this chapter are summarised

below.

1. Opportunities for imaginative habitat creation or instream enhancement are

limited in heavily trafficked canals by their dimensions and navigation function (1.1).

2. Loss of substrate heterogeneity and stability, reflective scour and loss of

submerged macrophytes are identified as critical factors in determining benthic

invertebrate composition and abundance (1.3).

3. A factorial experiment was established in a section of very heavily trafficked

canal based on three treatment factors - stoning, bed protection and planting (2.1-2.4).

4. Core sampling of the benthos indicated that macroinvertebrates were

contagiously distributed. Exact variance stabilising functions were calculated for all

species. An aggregate function was consistent with the fourth root power function

proposed by Downing (1979) but could not normalise the distribution of several of the

most abundant taxa (2.7).

5. Stoning of the canal bed was associated with highly significant increases in the

abundance of Corophium curvispinum, chironomids, Asellus aquaticus, Ecnomus

tenellus, Gammarus pulex, various Hirudinea and Caenis luctuosa and increased

species richness compared to unstoned areas which were characterised by a typical

infauna based on the tubificid Limnodrilus hoffmeisterii, chironomids and the bivalve

Pisidium (3.2.3.1).

6. Comparisons between samples adjusted for differences in interstitial volume

suggest that populations of infaunal animals associated with stoned areas range from a

concentrated sample to a simple subsample of the open silt infauna (3.2.3.1).

7. CPOM concentrations were significantly higher on unstoned areas prior to

transformation. The interstitial concentrations of CPOM were however, very similar on

both substrates and reject the idea that stoned areas concentrate detritus (3.2.3.1).

8. Invertebrate densities were poorly correlated with variations in the organic

matter concentrations in the substrate (3.2.3.1).
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9. Relative May-September increment in the standing crop of Potamogeton

pectinatus was higher on stoned areas and behind boarding due to reduction in biomass

losses over the growing season rather than to changes in growth performance

associated with differences in light regime. Nuphar lutea failed to establish at high

traffic densities due to a combination of mechanical stress and high turbidity (3.2.3.2).

10. In all treatment combinations planting had no effect on specific or overall

benthic macroinventbrate densities or on detrital concentration (3.2.3.2).

11.The epiphytic invertebrate community associated with Potamogeton pectinatus

is characterised by chironomid species plus seasonally variable densities of other

species including Corophium curvispinum, Ecnomus tenellus and Pisicola geometra

and thus has broad similarities with the stone macrofauna (3.2.3.2).

12. Submerged roots of terrestrial plants trailing in the water were densely

colonised by macroinvertebrates (3.2.3.3).

13. Use of boarding to protect the bed from reflective scour had no consistent

effects on invertebrate densities (3.2.3.3).

14. Possible explanations for the effects of stoning on invertebrate populations

include increased substrate heterogeneity, changes in the quality or microscale

distribution of detritus, provision of an anti-predator refuge and increased substrate

stability (4.1.1.2).

15. Proliferation of infaunal species within stone interstices may be curtailed by

increased invertebrate predator activity, reduced detrital quality or affects on availability

and distribution of detritus (4.1.1.4).

16. Standing crops of Potamogeton pectinatus were at the lower end of densities

recorded in a range of habitats and are controlled primarily by damage and uprooting

associated with boat wash (4.1.2.1).

17. Densities of invertebrates associated with Potamogeton pectinatus were low in

comparison to other studies, possibly due to dislodgement by multi-directional

disturbance. On a surface area basis, autumn densities of weed associated invertebrates

were very small compared to benthic populations. Persistence of large weed-associated

taxa characteristic of low traffic systems suggests that the contribution of these species

will be larger when expressed on a biomass basis. Measures to sustain and consolidate

plant beds during the growing season would be beneficial but are impractical (4.1.2.3).
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18. Density-independent factors unrelated to traffic disturbance, such as climatic

fluctuations, may be responsible for year to year variations in population densities of

some species (4.2).

19. The tubificid Limnodrilus hoffmeisterii was the most ubiquitous component

of the canal benthos but population densities were low due to a combination of

substrate infertility and instability and predation losses (4.2.1).

20. Leeches represent the principal invetebrate predators in heavily trafficked

canals but occur at low densities even when provided with suitable substrata (4.2.2).

21. Corophium curvispinum displays life-history traits characteristic of an r-

selected species and is a highly successful colonist of inert stable microhabitats,

including the face of steel-piling, woodwork and stone-laid on the bed. Densities were

much lower than have been observed in European rivers. Soft substrate structured by

detritus or hessian sacking was also colonised. Colonisation of submerged aquatic

vegetation by Corophium may offer a superior niche for a filter-feeder or reflect

displacement from optimal bed habitats (4.2.3).

22. Population densities of Asellus aquaticus on stoned areas are comparable to

those recorded in lake littoral habitats but P. pectinatus was poorly colonised (4.2.4).

23. Benthic microcrustacea were dominated by cyclopoid copoepods and

ostracods plus several species of Chydoridae and the macrothicid Ilyoayptus sordidus.

Densities were significantly higher on stoned areas during the summer but were

otherwise relatively unaffected by treatments (4.2.5).

24. Autumn chironomid densities on stone were 3-8 times higher than those on

silt. Population densities on stone are comparable to those obtained for coarse bedded

streams whereas those on soft silt were low relative to comparable depositional

habitats. Most chironomids examined had narrow head capsules and small, slender

flexible bodies with a thick integument; tubicolous forms were absent. This may be a

response to substrate instability and disturbance. Seasonal differences in population

densities may reflect substrate specific differences in taxonomic composition (eg.

primarily Orthocladinae on stone v Chironominii on silt), timing of reproduction and

susceptibility to predation (4.2.6).

25. Ecnomus was strongly associated with stoned areas where it was relatively

uniformly distributed. This may reflect the non-aggregative response of a facultative
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predator, or the response to an evenly distributed food source comprising epipelic

algae. The population appeared to follow a simple univaltine life-cycle (4.2.7).

26. Caenis luctuosa was strongly associated with stoned areas which it continued

to colonise over the duration of the study. The population appears to be univoltine

(4.2.8).

27. Pisidium was insensitive to detrital concentrations. It occurred at highest

densities within silt filled interstices on stone which may have offered a stable predator

buffered niche suitable for a bacterial filter-feeder. Population densities were typical of

those recorded from a range of habitats (4.3.10).

28. Unionid bivalves are present at densities of up to 10 shells m- 2 and have a

highly aggregated distribution. A winter drawdown in 1986 appeared to have caused a

mass mortality of bivalves. The present size of the population is surprising given the

turbidity and bed disturbance. Mussels represent a trophic dead-end in canals but may

improve flow of energy to collector gatherers via phytoplankton and suspended organic

matter repackaged in pseudofaeces. Further information is required on their role in the

ecosystem (4.2.11)

29. Stoning replaces a low density of individually large, K-selected filter-feeders

with a high density of small, productive filter-feeders with r-type reproductive

strategies (4.2.11).

30. Boat induced mixing may accelerate colonisation of new substrates. The basis

or existence of invertebrate drift in canals is unknown. Ernomus and gastropods were

slow to colonise new substrates possibly due to the need for a preliminary inoculation

period for the development of an organic coating on new stone surfaces (4.3).

31. Stoned areas appear to support a more structured invertebrate community. In

terms of number and biomass true predatory taxa are poorly represented in the

community on both substrates but may be under-represented due to the mobility of

some species. The ratio of top predator to potential prey species was 0.37. Facultative

carnivores including Gammarus pulex, Crangonyx pseudogracilis and Ecnomus are,

however, well represented. Omnivory may therefore be important in heavily trafficked

canals (4.4).

32. Predator numbers on stone were strongly correlated with those of their

potential prey but on silt were uncorrelated. Gammarus exhibits a tendency towards

aggregation at high prey densities whereas numbers of Hirudinea and Ecnomus were

maximal at moderate prey densities (4.4).
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33. Stone substrates buffered from fish predation may be relatively more strongly

influenced by invertebrate predators than their unstoned counterpart (4.4).

34. Heavy boat traffic may enforce a non-equilibrium state on invertebrate

communities during the summer. In autumn, reduced density-independent controls

allow re-establishment of species interactions and the emergence of a more structured

community (4.4).

35. The food web in these canals is detrital driven but stoning introduces novel

food sources and a more stable heterogenous environment in which resources can be

partitioned and exploited effectively. Consequently stoning was associated with

increased functional diversity (4.5).



CHAPTER 5

Habitat Enhancement in Heavily Trafficked Canals:

II. Fish Ecology and Implications for the
Management of Canal Fisheries



I. INTRODUCTION

1.1 Background

Canals offer valuable recreational and competitive match coarse fisheries, which are

well used by anglers. As a user group, anglers are on par with boaters in terms of their

numbers, although the income they provide is much less. British Waterways (1986)

estimated that c.0.75 million adult anglers used the canal system in 1984, compared with

0.94 million boaters, but gross revenue from angling on navigated waterways currently

amounts to only c.£0.6 rnillio3, coming mainly trom licence agreements with angling

clubs, compared with c.£6.3 million from boating licences (British Waterways, 1993).

However, direct expenditure on angling is small compared to the costs incurred in

maintaining the system specifically for navigation and differences in net revenue are

therefore likely to be less pronounced. While it is recognised that fisheries can never be a

major source of revenue (Environment Committee Report, 1989), British Waterways

believes there is scope for improving the quality of some canal fisheries and that such an

improvement could lead to an increase in revenue from licensing fishing rights to clubs.

1.2 The relationship between canal fisheries, their management and

boat traffic

Pygott et al. (1990) have described the changes which take place in the structure of

canal fish communities with increasing boat traffic. The. 'tgAtVelk "i\N oky e. st.inxwe,

comunity of clear water, weed-associated species characterised by tench (Tinca tinca) and

pike (Esox lucius) to a more turbid water community characterised by gudgeon (Gobio

gobio) and possibly stocked with carp (Cyprinus carpio) or bream (Abramis brama). The

response of perch (Percafluviatilis) to traffic is unclear due to widespread differences in

disease incidence between canals, which causes variations in population density which

cannot at present be distinguished from any effects of traffic (Pygott et al., 1990). Roach

(Rutilus rutilus), the single most valuable sport fish, are ubiquitous in canals.

Most species apparently perform well under the clear water, weedy conditions found

in lightly trafficked canals and these waters can make excellent specimen or pleasure

fisheries (Pygott eta!., 1990) Large roach (>150mm) reach high densities (Pygott eta!.,

1990) and all age classes appear to grow well (Pygott, 1987). In these canals the main

management concern is to ensure adequate aeration, so as to avoid fish kills caused by the

oxygen sags which are associated with dense submerged vegetation in warm weather and

to control aquatic plant growth on lightly or unnavigated canals to levels compatible with

angling (Murphy & Eaton, 1981a).

Fish generally perform less well in heavily trafficked canals, such as the Shropshire

Union, although some species maintain high population densities. For example, the
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growth rate of bream in these canals, as measured by Pygott (1987), Staples (1992) and

Smith (1993) is well below the standard for this species compiled by Hickley & Dexter

(1979). Roach populations are dominated by small fish from younger age classes (eg.

Norman & Cooper, 1985) and fish larger than 150mm either occur at very low average

densities or are too contagiously distributed to be sampled reliably using a catch depletion

technique based on only a 25m length of channel (Pygott et al., 1990). The growth rate of

roach in these canals is poor (Pygott, 1987) when compared with the national average

(Hickley & Dexter, 1979), and to roach in lightly trafficked canals, although stunting is

not sufficiently intense to obscure discrete age-size classes (Figure 5.1). Older roach are

seen to be small for their age (Figure 5.1), but this is primarily a legacy of poor growth

during years 1 to 4, since thereafter, instantaneous growth rates are comparable to the

national standard. Any 'stunting' that takes place therefore appears to be confined to the

early years of life, following an initial year of normal growth as fry, rather than during the

later years when most fish are simply overtaken by mortality before they can attain a large

size. Although fecundity in roach is normally very high, recruitment is unlikely to depend

on a very small spawning stock of large fish since a characteristic response to low growth

rates and high mortality rates at high fish density is the reduction in the size (and age) at

first maturity (Nikolsky, 1962). Canal roach populations therefore appear to be

characterised by a high density of fish represented by a few dominant, slow growing age

classes, maintained by a spawning population of 2 and 3 year old fish.

There is no growth index available for gudgeon, presumably because it is of limited

interest as a sport fish for anglers and has rarely been studied in detail. A standard growth

curve was therefore calculated for gudgeon using the technique employed by Hickley &

Dexter (1979), combining published data from six British populations from a cross-

section of habitats (Hartley, 1947; Kennedy & Fitzmaurice, 1972; Mann, 1980) with

unpublished data for two canal populations (Pygott, 1987; Staples, 1992). Data were

selected on the basis of representativeness and the requirement for successful

transformation to a straight line relationship by means of a Walford plot. It is apparent

from Figure 5.2 that the growth rate of gudgeon in heavily trafficked canals is also poor in

line with that of other species. After their second year, length increments for gudgeon in

heavily trafficked canals are similar to the standard and comparable to those found on the

R. Frome, a productive, macrophyte-rich stream (Mann, 1980), but because growth rates

during the first year or two are poor, gudgeon, like roach, are generally small for their

age. Since mortality rates in fish are both size arid density-dependent (Nikolslcy, 1962),

few gudgeon live to above 3 years old in these canals. In view of their life history

characteristics - rapid spring growth, early onset of reproduction, high reproductive cost,

short life-span and trend to semelparity - gudgeon are in many respects the classic high
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stress environment fish (Mann, 1980) and therefore appear to be well adapted for life in

the turbid highly disturbed waters of heavily trafficked canals.

The dominance of fish populations by a few age classes is not a feature unique to

roach populations in heavily trafficked canals. Roach populations often display this

morphology in lightly trafficked canals (Templeton, 1969; McManus, 1971) and other

standing waters (eg. Burough & Kennedy, 1979; Linfield, 1971; 1979; Perrow et al.,

1990), while year class dominance has been widely documented in other common

shoaling species, notably perch (Persson, 1983a,b). Persson (1983c) considered it to be

indicative of intense intraspecific competition due to resource limitation arising from

eutrophication. In canals, rising boat traffic reproduces some of the symptoms of lake

eutrophication, because it increases turbidity and, as a result of shading and mechanical

damage, reduces resource heterogeneity by eliminating plants and associated invertebrate

populations (Murphy & Eaton, 1981). In contrast to eutrophication however, where total

productivity increases as a rule, productivity is reduced in heavily trafficked canals

(Staples, 1992). As roach age, macrophytes plus large, plant-dwelling invertebrates such

as gastropods, malacostracans, odonate nymphs and notonectids naturally form an

increasingly important component of their diet (eg. Mann, 1967; Prejs, 1978), and may be

essential for efficient partitioning of the total prey resource (see Werner, 1979). These

types of food item however, are scarce in heavily trafficked canals. Population densities of

infaunal benthic invertebrates are evidently also low when compared to many other

freshwaters (Chapter 4) which is likely to lead to intense resource limitation among early

year classes, perhaps compounded by the unusually heavy pressure on this resource from

large fish. Consequently fish of all ages are heavily dependent on a nutritionally inferior

diet of detritus and algae, which are poorly assimilated in the absence of appropriate

cellulolytic enzymes, resulting in depressed growth rates (Mann 1967; Hofer et al., 1985),

pair survivorship and a predominance of small fish (Persson, 1983c).

Boat traffic however, not only degrades the epiphytic food resource, but

simultaneously causes a reduction in the profitability of the water column as an alternative

feeding area, due to the nutritional dilution and interference effects of suspended solids on

planktivory (Staples, 1992). Visual predators such as pike are also lost through high

turbidity, habitat simplification and a downward shift in the prey size spectrum, thereby

removing the stabilising effect of top-down control on numbers of immature fish; this

might in theory be remedied either by stocking other piscivores such as zander

(Stizostedion lucioperca) or large eels (Anguilla anguilla), both of which are visually

adapted to feed at high turbidity (Ali et al., 1977; Parkhurst, 1982), or by culling small

fish by netting to reduce their densities. Benthic invertebrate populations appear to be

affected by a variety of mechanisms (Chapter 4). Their low densities, due directly or



indirectly to boat traffic effects, serve to aggravate resource limitation and increase the

potential for mutual interference effects between would-be predators of the same or

different species. Traffic effects on the prey resource therefore intensify the effects of

intraspecific competition on fish population structure and growth rates. Superimposed on

these effects are the direct stress effects of boat traffic on fish themselves, including noise

disturbance, increased energy expenditure due to swimming time and reorientation,

sudden changes in the flow rate in short pounds due to lockages, reduction in feeding time

due to interruptions from episodic disturbance and, ultimately, physical injury through

scarring (see Chapter 2). Traffic effects may therefore result in increased metabolic

expenditure compounded by a reduced rate of food intake, thus resulting in less energy

available for maintenance, foraging, and the complementary processes of reproduction and

growth. Hence, the mostly density-dependent processes which define species interactions

in eutrophic systems (Persson et al., 1993) are overlain in heavily trafficked canals by a

suite of density-independent effects arising from boat traffic. The hypothesised

relationship between these processes is summarised in Figure 5.3. Meanwhile,

fluctuations in climatic factors such as temperature, introduce an additional den sity-

independent force which may contribute to year class strength, most notably in the more

mnt1par cos spe6 sucb as gudgeon fMihs & Mann, 1985).

In view of the seemingly poor quality sport which they often offer, it would appear

ironic that heavily trafficked sections are some of the most intensively fished parts of the

canal system. This is partly a geographical accident, in that canals such as the Shropshire

Union and Trent & Mersey which carry heavy boat traffic also coincide with heavily

populated catchments where there are comparatively few rivers offering good angling, due

to a history of industrial or agricultural pollution. These canals also combine ease of

access and physical uniformity with relative size-uniformity of stock and a high fish

density, and are therefore ideally suited to competitive match angling. However, because

of the small range of species on offer, a low density of 'catchworthy' fish and high

standards of bait presentation required to ensure a catch, plus frequent disturbance of the

bed by boat passages, fisheries of this type are likely to be poorly perceived by pleasure

anglers, specimen anglers and children. In some cases this has led to a failure by angling

clubs to renew licence agreements on lengths of heavily trafficked canals, although these

decisions are almost certainly market driven, depending for example on the availability and

quality of alternative fisheries in the area. While the precise objectives of different groups

of anglers are somewhat incompatible (Pygott et al., 1990), management practices

designed to widen the range of species and sizes of fish on offer to the angler and increase
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catchworthiness and hence quality of fish in heavily trafficked canals may lead to an

improved perception of these waters by all groups of anglers.

1.3 Habitat enhancement and management of fisheries in heavily

trafficked canals

Habitat manipulation forms an integral part of fisheries management. It has been

known since the 1930s that fish are attracted to artificial structures, thereby leading to an

increase in angler harvest (eg. Rodeheffer, 1939), but there is also evidence, mainly from

North American studies, that the addition of structures can locally enhance fish production

and growth through providing an additional substrate for invertebrates (eg. Pardue,

1973). This appears to be especially true in relatively homogenous artificial environments

such as reservoirs and small ponds, or where the natural substratum for invertebrates is

limiting, due for example to instability or anoxia (eg. Swingle, 1968; Pardue, 1973; Wege

& Anderson, 1979), although the response of the invertebrate prey itself does not appear

to have been documented in detail.

Since the loss of structural heterogeneity and large plant-dwelling invertebrates at

high traffic densities seems likely to contribute to the poor growth rate of roach and other

fish it is suggested that bed stabilisation may be a potential means of enhancing the quality

of the fishery. The application of stone to the canal bed could partially restore habitat

diversity lost as a result of siltation and the elimination of macrophytes. It could thus

provide a substitute habitat for a range of normally weed-associated invertebrate species

that figure prominently in ontogenetic dietary shifts and are important in maintaining roach

growth rates. Irrespective of its potentially enhancing effect on growth rates, stoning

might also benefit canal fisheries by increasing spatial heterogeneity, thus increasing scope

for niche partitioning and promoting coexistence of different species and their age classes

(eg. Keast, 1978; Mittelbach, 1984).

1.4 Aims

Previous studies of the effects of artificial structures on fish production have dealt

mainly with enclosed fish populations in small experimental ponds, where stock

assessment is relatively easy (eg. Pardue, 1973). In a canal environment and with the

scale of stoning used in this study (Chapter 4: 2.3.1), it is unrealistic to expect a

measurable improvement in fishery quality over a two year time span. Intensive sampling

of enclosed sections of channel (eg. short pounds) over a minimum five year period, with

appropriate untreated control lengths, would probably be required before being able to

detect any effect of benthic invertebrate manipulation on fish production. Alternatively,

fish could be caged within a substrate plot to restrict their feeding to a defined area and

monitored regularly to compare length-weight changes with a similarly restrained control
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population. In this study, insufficient time and resources precluded these approaches.

Instead, a more limited investigation was designed with the following aims:

1. To measure the impact of fish predation on invertebrate communities on

natural and stoned substrates in canals, using fish exclosures (Part A).

2. To establish distribution patterns for the main fish species with respect to the

experimental variables and to relate these to the results of 1 (Part B).

3. To compare and quantify any differences in the composition of gut contents

of the main species between different treatments and to relate these to

observed feeding distributions and documented foraging habits (Part C).
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2. EXPERIMENTAL INVESTIGATIONS

A. EFFECTS OF FISH PREDATION ON INVERTEBRATE

POPULATIONS & COMMUNITY COMPOSITION

Al. MATERIALS & METHODS

A1.1 Exclosure design and construction

This experiment utilised the post section of the experiment described in Chapter 4.

Half of this treatment plot had been stoned 2 years earlier. Stoned and unstoned areas

were each subdivided into two consecutive 1 xl2m long plots, one functioning as a

control, the other forming the basis for the fish exclosure. Exclosures were constructed

using 5mm gauge toughened plastic mesh attached by means of an industrial staple gun to

2" wooden posts that were driven into the canal bed. The mesh extended 0.1m above the

waterline to reduce the possibility of fish near the water surface being swept into

exclosures by boat wash. At the canal bed it formed a 0.15m wide flap which was buried

in the sediment to prevent uplift by wave energy reflected off the steel piling. Fry and

0+juveniles were not excluded by this mesh size, but at this stage are primarily

We pi a ak vo ro u s {Northcott, 2979; Cryer et a2., 1986; Staples, 1992) and are therefore

unlikely to have a significant impact on densities of benthic invertebrates.

Exclosures were netted repeatedly to ensure complete fish removal by using a

micromesh (3mm) landing net with a 1.0 x 0.5m mouth designed to fit exactly the cross-

sectional area of the experimental plots. The high rate of catch depletion using this net

suggested that fish removal was very efficient. On subsequent visits to the site this

process was repeated to test the effectiveness of the exclosures. While the exclusion of all

fish longer than 80mm was complete, some smaller roach and gudgeon were found to

have entered the exclosures, despite thorough checks on all seals and attachment points. In

view of their small sizes and very low density, these fish were not expected to exert a

significant impact on macroinvertebrate populations, although they may well have affected

densities of meiofauna, which were either unrecorded or underestimated using the

sampling techniques employed here. The construction of a fish proof exclosure in a

heavily trafficked canal presents particular difficulties, despite the shallow water, due to

the constant high water turbidity which reduces underwater visibility to virtually zero,

while breaking wash from passing boats causes frequent turbulence and may over time

enlarge small gaps at corners and joints and weaken the overall structure, thus allowing

the entry of small fish. A vertical steel bank also makes it difficult to ensure a tight seal at

the inner edge of the exclosure. The high density of small fish which characterise small

canals also compounds the difficulties of efficient exclosure. High waves produced by
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speeding boats may also have washed in fish over the top of the exclosure, despite the

precautions taken to prevent this. Ideally this work should have been undertaken during a

drawdown when low water levels would have enabled closer inspection of the exclosure

structures. Dewatering has been used in other exclosure studies as a means of ensuring

complete fish removal or facilitating the construction of fish proof exclosures (eg.

Crowder & Cooper 1979; Diehl, 1993), but this may have traumatic and largely

unquanti fled effects on invertebrate prey populations and was not in any case possible

here for reasons of canal operation.

A1.2 Invertebrate sampling and processing

The techniques used for the sampling of invertebrate populations in the field and the

subsequent processing of preserved samples are described in 4.2.1. Nine replicate

samples were collected from the four plots on 28.05.92, one day prior to the construction

of the exclosures, to provide a baseline against which to compare subsequent changes. On

later sampling dates (08.07.92 and 21.09.92) only six replicate samples were taken, to

reduce the time spent in processing of samples, since results from the two previous years

suggested that this would not greatly affect the precision of population estimates for the

more abundant species. Large bivalves were collected by hand from the treatment plots on

19.10.92 (see Chapter 4: 4.2.11).

A1.3 Results interpretation and analysis

The use of exclosures to study the effects of fish predation on invertebrate densities

and community composition is well established (Kajak, 1972; Thorp & Bergey, 1981;

Morin, 1984). Interpretation of results from such experiments does, however, require

caution, since physical exclusion of predators may also produce changes in biotic and

abiotic variables external to the experimental variable and so influence the response of the

prey community (Walde & Davies, 1984b; Peckarsky & Penton, 1990). Thus it is

debatable whether unenclosed areas accessible to fish offer a true control. Given the well-

documented attraction of fish to submerged structures (Johnson & Stein, 1979), it is also

possible that adjacent uncaged areas are subject to unnaturally high predation pressure.

This experiment utilises an unreplicated paired-system design of the type described

by Carpenter (1989) and recommended for use in whole-lake experiments. Here it is

applied to a whole microcosm. The inability to define a cause and effect relationship in

such pseudoreplicative studies (Hurlbert, 1984), has already been discussed (Chapter 4:

2.4). Williams & Feltmate (1992), using a similar experimental design to that employed

here, have argued that it is logical to attribute spatial differences observed between

different treatments to a predator effect, if homogeneity of physical and chemical variables

and prey responses can be demonstrated prior to the start of the experiment. The design of
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this experiment follows the advice of Carpenter (1989) by using a 'massive manipulation'

(ie. fish exclusion) to change the experimental system, then reporting changes in the

manipulated system over time, relative to the reference system (analagous to the 'ratio-

method' of Eberhardt (1976)), to show that these are of sufficient magnitude to be

explained most plausibly by the manipulation. Statistical errors inherent in this design

(Hurlbert, 1984) are avoided by avoiding the use of inferential statistics. The likelihood of

exclosure artefacts of some sort, which in themselves preclude the establishment of a

causal relationship (Walde & Davies, 1984b), argues that a preoccupation with

experimental design details in an experiment of this kind is largely academic.

A2. RESULTS

A2.1 Invertebrate densities

A higher density of ostracods in the unstoned control plot was the only statistically

significant difference in invertebrate density that could be found between control plots and

treatment plots immediately prior to their enclosure. Thereafter, on unstoned areas,

tubificids were the only taxa to display significantly different densities inside exclosures

compared to the control (Mann-Whitney U tests). Six weeks after exclosure, tubificids

were 2.7 times more abundant inside exclosures than outside and after a further 12 weeks

this had risen to a six-fold difference in mean density (Figure 5.4). These differences were

significant at 0.1%. Typically stone-associated taxa (ie. Corophium curvispinum, Asellus

aquaticus, Caenis luctuosa, Ecnomus tenellus and leeches) remained rare in unstoned

areas, irrespective of the presence or absence of fish (Figure 5.5). Invertebrate densities

with standard errors are listed in Appendix 5.1.

On stoned areas, no statistically significant difference in the density of any

invertebrate taxa was observed between control and enclosed plots, either prior to or on

both sampling occasions after exclusion of fish, although at all times the control plot

contained a higher total density of invertebrates (Figure 5.4).

At the end of the experiment, both Anodonta cygnaea and Unio pictorum were

markedly more abundant in the enclosed plot on the unstoned substrate than in the plot

which was open to fish (Figure 5.6). Both freshwater mussels remained rare in stoned

areas regardless of their accessibility to fish. Unfortunately no comparable sampling of

large bivalves was undertaken prior to the start of the experiment, but samples from

randomly placed cores, albeit providing very low precision population estimates for

mussels, suggest that densities in these plots could have differed by a similar order of

magnitude at the outset of the experiment (Appendix 5.1). It is unclear why mussels

should sustain such marked differences in density between two large, adjacent and

superficially uniform patches.
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A2.2 Diversity and evenness

Diversity and evenness are measured as described in Chapter 4: 2.7. ie. diversity as

the probability of interspecific encounter and evenness as observed diversity as a fraction

of the maximum potential diversity. Species richness is simply the mean number of taxa

per sample. Since the diversity and evenness differed in treatment and control plots at the

start of the experiment, results are displayed as ratios of exc1osure values to control values

to ease interpretation. Reference to Figure 5.7 which illustrates changes over time in

paired open and enclosed plots on stoned and unstoned substratum shows that in stoned

areas both diversity and evenness began and remained slightly higher in the exclosure than

in the control, but did not differ significantly between the two plots at any point in the

experiment. A decline in species richness in the enclosed plot relative to the open plot in

September is reflected in a small but non-significant reduction in diversity.

On unstoned areas, the exclosure plot began with markedly higher diversity and

evenness values than the control plot, but after 42 days the evenness value had fallen to

only half that of the control plot while the relative diversity had halved. Absolute species

richness was, however, unchanged (Appendix 5.1), although due to a progressive decline

in the absolute species richness in open plots, relative species richness actually increased

in exclosure plots over the course of the experiment (Figure 5.7). These differences were

sustained in September, with a further decline in evenness associated with the marked

proliferation of tubificids.

A3. DISCUSSION

A3.1 Effects of fish predation on macroinvetebrates

In this investigation, a comparison of fish effects on adjacent simple and structurally

complex bed habitats with similar concentrations of detritus and overlain by a constant

depth of uniformly turbid, slow moving water, indicated that the invertebrate community

from the stoned area of bed was largely unaffected by the presence of fish whereas

tubificid densities were strongly reduced in soft, fine-grained sediments with attendant

effects on community diversity and evenness. Since the fish community had been exposed

to stoned areas for two years prior to this study, the level of predator experience is

discounted as a major variable. The resilience and susceptibility of the invertebrate

community from complex and simple habitats respectively is consistent with the results of

many other studies, some of which are discussed below.

The effects of fish predation on invertebrate populations and their community

structure have been debated by freshwater ecologists for over 30 years. Documented

effects on macroinvertebrates range from reductions in the abundance of individual species
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Figure 5.4. Effects of fish exclosure on densities of selected benthic
invertebrate taxa on stoned and unstoned areas of canal bed. Standard errors
for density estimates may be found in Appendix 5.1.
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or total invertebrates (Flecker, 1984; Reice, 1991) and reductions in invertebrate biomass,

apparently due to size-selective predation (Mittelbach, 1981; Crowder & Cooper, 1982;

Gilliam et al., 1989), through to shifts in species composition and diversity (Hall et al.,

1970; Dodson, 1974 ), or spatial distribution (Macan, 1965; Gilinsky, 1984; Bennet &

Streams, 1986; Luecke, 1990). More subtle changes in prey behaviour or activity have

also been described (eg. Stein & Magnuson, 1976; Andersson et al., 1986; Gilliam et al.

1989; Luecke, 1990; Short & Holomuzki, 1992), as well as a lack of detectable effects in

some cases (eg. Kajak, 1977; Thorp & Bergey, 1981; Allan, 1982; Flecker, 1984;

Hershey, 1985; Reice & Edwards, 1986). The last decade has seen a reduced emphasis on

the 'bottom-up' influences of prey on fish production and an intensification of work on

the problem of 'top-down' effects of fish on their prey (see Northcote, 1988), but no clear

resolution to the debate on how fish actually affect their prey. Much of the disparity

between the results of different studies would seem however, to be explicable in terms of

differences in complexity between the lotic and lentic systems or littoral and profundal

areas of lakes investigated (Benke, 1978; Crowder & Cooper, 1982; Luecke, 1990). The

outcome of field experiments may also be influenced by the prior experience of the

invertebrate community to a fish predator, the relative densites of predator and prey

(Peckarsky & Dodson, 1980; Thorp & Bergey, 1981; Walde & Davies, 1984b) and the

type of search strategy of the predator (see Luecke, 1990). The experimental design,

sampling procedure and level of taxonomy used, together with the timing and duration of

the investigation also appear to be highly influential (Flecker & Allan, 1984; Walde &

Davies, 1984b).

A genera/ finding, consistent with the results of the present study, is that fish effects

on invertebrates are most pronounced in structurally homogenous environments, such as

stream pools or the profundal zones of lakes (Gilliam et al., 1989; Luecke, 1990),

especially where there is a high density of predatory fish or a low density of prey (Gilliam

eta!., 1989; Reice, 1991). In more complex habitats, such as stream riffles or the littoral

zone of lakes where prey organisms occur at high densities in macrophyte beds, areas of

coarse substratum or leaf packs (Macan, 1965; Rabeni & Minshall, 1977; Crowder &

Cooper, 1982; Reice, 1983), invertebrate assemblages appear to be more resistant to the

effects of fish predation (Macan, 1966; 1975; Luecke, 1990; Diehl, 1993), presumably

due to the greater availability of spatial refuges in these habitats. This supports the results

of laboratory trials which have compared the foraging efficiency of fish in simulated

simple and complex aquaria environments (see Diehl, 1988; Gotceitas & Colgan, 1989;

Matilla, 1992). Nevertheless, selective consumption of large, conspicuous macro -

invertebrates such as Odonata and Sialis, which tend to derive partial protection from

predation in structurally complex habitats (Macan, 1966; Crowder & Cooper, 1982), may



lead to shifts in size distributions, changes in community composition and a reduction in

community biomass (eg. Crowder & Cooper, 1982; Morin, 1984; Persson & Greenberg,

1990), although some workers have questioned the permanence of these effects (Thorp,

1986; Luecke, 1990). Other abiotic differences between naturally occurring simple and

complex habitats, such as depth, flow and aeration, or overlapping structural elements

such as physical bed structure and macrophyte cover or the presence of leaf packs, may

however also influence invertebrate species composition, the distribution and composition

of fish and their effect on invertebrates. Hence there appear to have been few opportunities

to explore predator effects in the field without the compounding effects of other variables.

Since, in the present study, substrate complexity is seemingly independent of other

variables, the results obtained are of particular interest.

Tubificid worms are known to form the staple diet of many freshwater fish (eg.

Kennedy, 1969; Kajak et al. 1972; Brinkhurst, 1974). Other recent studies have reported

strong effects of predation by cyprinids on tubificid densities and production consistent

with that observed here. For example, Gilliam et al. (1989) reported a 62% reduction in

oligochaete densities (primarily Limnodrilus udekemianus) due to predation by creek

chub, Semotilus atromaculatus, in a temperate stream in New York. In Hudsons Bay and

Hoveton Great Broad, Norfolk, Moss & Timms (1989) found densities of tubificids (L.

hoffineisterii and Potamothrix hammoniensis), in mesh covered bowls from which fish

(mainly roach and bream) were excluded, to be 2.5 times greater than in open bowls.

Similarly, Riera era!. (1991) found that carp predation in experimental fish ponds led to a

reduction in density and biomass of tubificids (L. claparedeanus and L. hoffineisterii),

with production in ponds free from fish being 1.7 times greater than in stocked ponds.

Densities of tubificids in standing or slow-moving waters may be especially prone to

reduction by fish predation due to their largely sedentary habit and infrequent occurrence

in the drift (Gilliam et aL, 1989). In faster flowing waters characterised by a less

depositional type fauna, downstream migration of animals has been invoked to account for

weak predator effects on spatial abundance (Flecker, 1984; Reice & Edwards, 1986).

A marked reduction in community evenness in fish exclosure plots due to the

proliferation of tubificids mirrors the response noted by Gilliam et al. (1989). Likewise,

the greater evenness in plots accessible to fish reflected a higher statistical diversity (ie.

probability of interspecific encounter) rather than an increase in species number (Figure

5.7). Other species (mainly chironomids) declined in relative importance due to the

increase in tubificid densities, but their absolute densities were unaffected by exclosure.

Dominance of space or limited food resources by tubificids may have prevented an

increase in the densities of these competitively inferior taxa after exclosure, their reduction

or complete elimination being prevented by density-independent disturbance effects.
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Alternatively, populations of these species may be less sensitive to predation due to their

relative inaccessibility or low-profitability (eg. Pisidium), but may be more strongly

controlled by density-independent factors, which are unaltered by fish exclusion, such as

substrate stability or turbidity. In the case of chironomids, replenishment by drift from

adjacent stoned sections which supported very high population densities during 1992,

may also have been important.

In stoned areas, interstitial spaces, which provide complete or partial refuges from

predation and physical disturbance, are probably at a premium and therefore permanently

saturated with invertebrates, their numbers varying seasonally in accordance with life

history constraints and variations in the availability of food resources. Fish may then be

merely mopping up secondary production surplus to the carrying capacity (,==refuge

availability) of the habitat. Inside an exclosure, these surplus animals maybe displaced to

macrophytes or inferior refuges, or may actively enter the drift, as proposed by Waters

(1961), but are presumably unable to accumulate. Several studies have suggested an

increased role for large-bodied invertebrate predators when these are released from

selective predation by fish (eg. Crowder & Cooper, 1982; Schofield eta!. 1988; Persson

& Greenberg, 1990). Increased densities of invertebrate predators inside fish exclosures

may then replace fish predation as the main control on prey populations. In this study

however, there was no evidence of an increase in numbers of leeches or Ecnomus

following fish exclusion, while Sialis was surprisingly not recorded. This may reflect

incomplete fish exclusion (although no fish large enough to predate Sialis could have

penetrated the exclosure), or the smaller size of stone used in the post section and the

consequent scarcity of refuges large enough to accommodate an increase in large predators

(Chapter 4: 4.3).

A3.2 Additional influence of mussels

The greater numbers of Anodonta in the unstoned fish exclosure at the end, and

probably also preceeding the experiment, creates an additional unforeseen variable. It is

highly unlikely that this distribution is related to the exclusion of fish since the size and

thickness of their shells render large mussels virtually immune to direct fish predation.

Entrapment of mussels inside an enclosure may have prevented dispersal and thus

maintained a previously random high density patch. However, counts made at the same

time in the adjacent boarded section offered no evidence to suggest that mussels tend to

accumulate where physical structures impede their movements.

Alternatively, mussels might be expected to accumulate voluntarily or to remain in an

enclosed area of bed if this offers improved feeding conditions. Greatly intensified

tubificid feeding activity may lead to an increase in FPOM levels at the sediment-water
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interface, due to faecal deposition of organic matter of benthic origin. A suspension of

fragmented, nutritious faecal material near the sediment surface may create a profitable

feeding area for mussels, especially during times of low phytoplankton abundance.

Freshwater mussels themselves produce pseudofaeces during incomplete digestion of

phytoplankton and FPOM filtered from the overlying water column. Suspended food

resources are unavailable to collector-gatherer feeders and in view of the inherently low

organic status of canal sediments, mussel pseudofaeces with an innoculum of gut bacteria

may therefore result in a significant enrichment of the sediment organic resource available

to tubificids. This suggests the possibility of some form of mutualism between mussels

and tubificids which might have accentuated the differences between open and enclosed

plots, independently of fish predation effects. However, while mussels could be

responsible to some extent for the high tubificid densities in the enclosed plot, the large

physical volume occupied by mussel shells will partly counteract any beneficial effect

which they have. Hence, fish predation pressure on tubificids in structurally simple

habitats is probably still highly significant.

A3.3 Interpretation of habitat enhancement effects on invertebrates

The provision of an alternative, stable, structurally-heterogenous substrate might

merely be providing a spatial refuge for a range of invertebrates which are absent from

soft, fine sediments, primarily as a result of selective elimination by fish predators rather

than due to abiotic factors such as a lack of substrate stability or complexity. The results

of this experiment indicate, however, that Corophium, Asellus and Ecnomus, which fail

to increase on unstoned areas in the absence of experienced predators, have a genuine

requirement for substrate stability or other allied properties of stoned areas and that their

greater densities there are not simply a product of reduced predator foraging efficiency in

a structurally complex habitat. Examination of gut contents from fish removed from

exclosures, where they were presumed to have been feeding for some time, revealed no

difference in food composition from fish taken from unenclosed sections of the same

substrate and thus confirmed that the absence of these invertebrates is not due to their

selective elimination by a small number of errant fish. Furthermore, dietary analyses of

large numbers of roach and gudgeon, which completely dominate this fishery,

demonstrated that these species do not in any case predate Corophium or Asellus, despite

their aparent availability (see C4.2/C4.3). Likewise, in Lake Balaton, where C.

curvispinum occurs abundantly on submerged vegetation, Biro et al. (1990) recorded it

as only a very scarce component of the diet of bream, a soft-bottom feeder.

The result of the present investigation parallels the findings of Flecker & Allan

(1984) who studied the effects of fish predation on insect community structure in

substrates offering varying degrees of refuge. They found consistently higher numbers of
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individuals and taxa colonising loose cobbles or grave/ than for cobbles or gravel partially

embedded in cement, irrespective of the presence or absence of fish. These authors

attributed this result to differences in the ability of the test substrates to trap detritus or the

greater surface area of particles available for colonisation (Flecker & Allan, 1984). In the

present study, fish exclusion failed to influence invertebrate composition, while detrital

concentration did not differ significantly between stoned and unstoned substrates. Hence

it is concluded that substrate stability and heterogeneity and its interaction with resource

and niche diversity, are the principal determinants of benthic invertebrate community

structure in heavily trafficked canals.

In comparisons of total invertebrate densities and standing crop in stoned and

unstoned areas, it is important to compensate for the effects of fish predation on

tubificids. Given a six fold increase in tubificid numbers and biomass after fish exclusion

from unstoned plots, it is seems very likely that fish are cropping a large proportion of

the tubificid production and that unstoned areas, despite a low organic content and

suscepÜbility to resuspension, can support much higher densities of these animals than

are suggested by routine sampling, if fish are excluded. This casts doubt on the value of

stoning as a means of generating an increased food supply for fish. The silt-filled

intersirces belweeD stones may offer tubificids an environment which is well buffered

front fish predation but the relatively small numbers of worms occupying these interstices

(expressed as number per unit volume of colonisable substrate) compared to those found

on open silt when fish are also excluded, suggests that there is a tradeoff on stoned areas

between increased shelter from fish predation due to the greater structural heterogeneity

and some other factor such as increased invertebrate predator activity, detrital

impoverishment or food quaNty (Diaper 4: 4.3.1.4). It is conceivable that the relatively

small stones in this plot (Chapter 4: 3.2.3.1) were less attractive to tubificids because of

the individually small interstices, yet these should have also accommodated fewer

predatory invertebrates. Furthermore, in the previous year, the concentration of detritus

in the post section was found to be higher than in the other treatments and ought therefore

to have favoured tubificids. During 1990, when the highest densities of tubificids were

observed, no stoned plot supported more than twice the density of tubificids per unit

volume recorded in an adjacent unstoned plot. By contrast in the present study there was

a six-fold difference in densities between unstoned plots open or inaccessible to fish. The

current findings are therefore unlikely to be a feature unique to the post section. Hence

despite the unstable substratum, high turbidity and susceptibility to fish predation, open

silt still appears to provide superior conditions for tubificid production.
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B. FISH DISTRIBUTION STUDIES

BI. METHODS

Fish stocks in the main canal were assessed quantitatively for the purpose of

defining the fishery resource, using a catch depletion technique. A representative section

of channel, 25m in length, was isolated from the rest of the canal using stop nets and fish

were removed by micromesh seine netting. This approach has been shown to be less size-

selective than electrofishing (Pygott et al., 1991). Total population and biomass densities

were calculated using either the Zippin formula (Zippin, 1956), or a minimum catch

estimate based simply on the sum of the three catch depletions. A detailed evaluation of

this method for assessing fish stocks in canals is provided by Pygott eta!. (1991).

This technique was adapted for use in the estimate of small scale distributions of fish

between stoned and control substrates in the boarded and post sections. The experimental

area was first isolated from the main channel using a stop net lowered vertically from the

bank (PLATE 5.1: see Chapter 4), while boards were inserted between treatments to

contain fish within the areas in which they were presumed to have been feeding. Stop-

netting was carried out rapidly and with the minimum possible disturbance to established

fish distributions. Fish were removed using a square framed net (mesh aperture 3mm)

which exactly fitted the cross section of the treatment plots. A projecting mesh fringe

around the outer edge of the net frame ensured a tight seal against the stop net and the steel

piling and prevented small fish from swimming around the net, or evading capture

through concealment among stones or in the upper layers of silt. A three sweep depletion

method was used, although a high catch depletion between the first and second catches,

indicative of a high capture efficiency of non-larval stages, prevented the use of the Zippin

formula. A minimum estimate was then used to determine total fish numbers. Since the

third sweep usually caught only a few and often no fish, in most instances the minimum

estimate was probably an accurate representation of fish densities.

B2. RESULTS

B2.1 The fishery resource

The results of channel nettings carried out on 28.05.92 and 21.09.92 are incorporated in

Figure 5.8. In common with other heavily trafficked canals, roach and gudgeon clearly

dominate the fishery both numerically (95% of total catch) and by standing crop (80-

85%). Bitterling were also common, but contributed little in terms of biomass, while

perch, although less common, accounted for a disproportionately large fraction of the total

biomass, especially in September. The size structure of roach and gudgeon populations

sampled on 28.05.92, shortly after spawning, is illustrated in Figures 5.9 and 5.10.

Length modes for roach corresponding to 1 and 2 year old fish are readily apparent
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Figure 5.8a. Comparative numerical densities of fish in the experimental
section and overall densities in a adjacent 25m section of channel. The
group 'others' consists mainly of ruffe and bream plus three spined
stickleback, stoneloach and bullhead.
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Figure 5.8.b. Comparative biomass densities of fish in the experimental
section and overall densities in an adjacent 25m section of channel.
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Figure 5.9. Length (A) and weight (B) structure of a sample of the roach population
(N=661) taken from the Middlewich Branch at Barbridge on 28.05.92.
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Figure 5.10. Length (A) and weight (B) structure of a sample of the gudgeon
population (N=139) taken from the Middlewich Branch at Barbridge on 28.05.92.
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(Figure 5.9). For gudgeon, the first mode (50-65mm) probably combines year classes 1

and 2, the smaller second mode (90-95 mm) corresponding to a strong year class of 3 year

old fish (Figure 5.10). These figures also illustrate the scarcity of large fish in seine net

catches in heavily trafficked canals when based on a 25m length of channel. Only a tiny

part of the total catch of both species exceeded 120mm forklength or 20g fresh weight,

thus mirroring the findings of Pygott (1987) and Staples (1992).

B2.2 Small-scale distribution of fish

Figure 5.8 illustrates the comparative numerical and biomass densities of fish in the

marginal experimental section and in an adjacent whole channel section on 28.05.92 and

21.09.92, using the data obtained from the stock assessment described above. On

28.05.92 the density of fish was generally higher in other parts of the channel than on the

offside margin, but in terms of biomass, fish appeared to be concentrated inside the

boarded section. The high biomass of fish in the posts and silt plot was heavily biased by

the capture of a single large perch, without which it would have been similar to the

average for the channel as a whole. On 21.09.92 numbers and biomass of fish in the

marginal area were several times higher than for the channel as a whole, the most

pronounced contrast being in the greater numbers and biomass of gudgeon in the marginal

areas. No stock assessment for the main channel was undertaken on 08.07.92 but on the

basis of a numerical density of fish of 3 individuals m- 2, as observed on the other dates, it

seems probable that fish were again concentrated inside the boarded section.

Chi-square goodness of fit tests on raw catch data indicated that the biomass and

number of fish were distributed non-randomly across the range of treatments defined by

the presence or absence of bed hardening and bed shielding (see Figure 5.11). These

distribution patterns also differed significantly over the three sampling dates. The number

and biomass density of fish increased between May and September with the increased

capture efficiency of 0+ roach. The number and biomass of all fish combined were 50%

higher on soft sediment than on stoned areas of the bed, while the number and biomass of

fish in the boarded section was on average 24% and 15% higher respectively than in the

posted section used as the control. Roach were in general more numerous on unstoned

areas, although their pattern of biomass distribution was more variable. The numbers and

biomass of roach were similar or higher in the boarded section compared to the posts only

section. Gudgeon numbers and biomass were concentrated in the boarded section on

28.05.92, but on other occasions showed no clear trend in distribution, other than for

consistently higher numbers on silt than on stone inside the boarded section. Other species

were only encountered in small numbers; bitterling were found mainly over unstoned

areas while perch showed no clear pattern of distribution between treatments, other than

higher mean numbers and biomass of fish in the boarded section.
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Figure 5.11. Distribution of fish by number and biomass in different treatments on 3 sampling dates

(NUMBER_n.m-2 and BIOMASS=g fresh wt.m-2).

The significanceof the departure from a uniform distribution, as tested by a goodness of fit test is
shown on the initial bars of the plots for numbers of fish. **=P<0.01, *=P<0.05, ns =non significant
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A comparison of mean fish size by fresh weight was possible using the bulk weight

of fish divided by the total number of individuals (Figure 5.12). This provides an accurate

mean fish weight but gives no information on sample variance and therefore no statistical

basis can be established for comparing sizes of fish in different treatments. Subjectively,

significance was attached here only to cases in which fish weights in different treatments

differed by at least an order of magnitude. Single, much larger individuals (>50g) which

have a highly distorting effect on mean weight of fish, but are themselves only sampled

with a low level of precision due to their very low density, were excluded from these

comparisons. Differences in fish weights are therefore attributable to differences in the

density of more or less uniformly larger or smaller fish rather than being a function of the

presence or absence of one or two individually much larger fish. The mean weight of

roach taken from the main channel and the various treatments declined between May and

September due to recruitment of 0+ fish to the catchable population. Gudgeon however,

showed only weak evidence of reduced sizes in marginal areas over this period despite a

33% reduction in the mean weight of fish from the channel as whole. Larger gudgeon

might therefore display a general preference for marginal areas.

Roach were consistently larger on stoned areas in treatments unprotected by

boarding and in these cases appeared to be significantly larger than the average size of fish

from the channel as whole. Conversely, within boarded sections, roach caught over stone

were of a similar size to or smaller than those in unstoned areas. Roach taken in boarded

sections were larger than those from the channel in general (28.05.92 and 21.09.92) or in

the control plot (posts and unstoned bed; 08.07.92).

Gudgeon were larger on stoned than unstoned areas on 08.07.92 but, taking into

account some small sample sizes, probably did not differ significantly in size between

stoned and unstoned plots on the other dates. On 28.05.92, gudgeon on stoned areas

protected by boards were on average twice as heavy as fish on unshielded stone and in the

channel as a whole. By contrast, in September, gudgeon were larger on unstoned areas

behind boards than on unshielded areas of bed but were of a similar size on stoned areas.

In July, it is doubtful, due to small sample sizes, whether gudgeon in boarded areas were

significantly different in size from fish on the equivalent unprotected substrate.
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Figure 5.12. Comparison of mean size by fresh weight of roach and gudgeon in
different treatments on three sampling dates and with mean size of fish in an
adjacent section of channel. Occasional, much larger fish (>50g) which have a
highly distorting effect on mean weights and a low sampling precison have

been excluded. Standard error bars are shown for the canal population sampled
on 28.05.92 when fish were weighed individually. For all other samples, means

are derived simply from total weight of fish divided by total number of
individuals and therefore no statistical interpretation of this data is possible.
Numbers at the foot of columns indicate the number of fish in a sample.
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B3. DISCUSSION

B3.1 The fishery resource

Netting of the main channel confirmed that fish populations in the experimental

length were similar in status and composition to those of other heavily trafficked canals

(Edwards et al., 1987; Staples, 1992) sampled by similar methods, including three sites

on the Middlewich Branch close to the experimental section, which formed part of the

earlie.)s, more detailea survey of fish populations in the Shropshire Union Canal (Pygott,

1987). Common carp, which accounted for more than half the total fish biomass at those

sites (Pygott, 1987), may have been missed in the present sampling due to their

contagious distribution, although it seems more likely that these fish are confined to the

section downstream of Cholmondeston Lock and beyond the experimental site.

Conversely, perch accounted for a larger proportion of the catch in the present study,

including reasonable numbers of >120mm fish. Analysis of the response of perch to

rising boat traffic has not yet been possible because the British perch population was

afflicted in the late 1970's by a disease which causes ulcers and skin lesions, and perch

numbers in canals have only recently begun to show signs of recovery. No standard

growth curve is available for perch, but a comparison between growth rates in lightly and

heavily trafficked canals (Staples, 1992) suggests that perch can still perform well at high

traffic densities, despite the apparently adverse conditions.

The scarcity of large fish and the predominance of small roach and gudgeon is also

consistent with the results of previous fish surveys of heavily trafficked canals (eg.

Edwards et al., 1987; Pygott eta!., 1990).

B3.2 Local-scale distribution of fish

B3.2.1 Marginal zone preferences of fish

The results of this study tentatively suggest that the numbers and/or biomass and

individual sizes of roach and gudgeon are, at times, markedly higher in the zone

immediately adjacent to the bank than in the channel as whole. This result is consistent

with the widely observed movement of fish into shoreline and backwater habitats during

the summer (eg. Welcomme, 1979), as discussed in Chapter 3: 4.6. Most studies,

however, have concerned mainly larvae, while often attributing distribution patterns to

factors such as predator avoidance in complex marginal areas or the use of shallow,

warm, well lit areas for feeding (eg. Copp, 1990, 1992), which are clearly inapplicable to

heavily trafficked canals. During the day, fish may be largely excluded from the central

channel by physical processes linked to boat activity. Fish may be concentrated passively

in marginal areas by traffic effects, or may actively move there as an avoidance reaction.
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The fish populations in marginal areas appear not to be a simple subset of the whole

channel fish community. Since larger fish are stronger swimmers, and can therefore

exercise more control over their distribution in perodically disturbed waters, the larger

average size of fish in marginal areas may reflect an active avoidance response to boat

traffic.

These results should however be interpreted with caution, since the fish capture

efficiency may be greater in relatively small, shallow and easily enclosed marginal areas

than in the channel as a whole. Fish numbers and biomass may therefore be

underestimated in the channel. Both margin and overall channel, however, represent a

turbid, structurally simple environment, free of obstructions, so the likelihood of marked

differences in capture efficiencies seems doubtful. Conversely, it could be argued that the

inevitable disturbance which occurs when the stop net is first lowered along the margin,

will underestimate fish densities in bankside areas to an unknown extent. The sucessful

capture of large (>150mm) roach, perch and bream in the marginal areas however,

indicated that the initial enclosure and subsequent netting was efficient enough to retain

large, sensitive and highly mobile fish and it is considered that the localised disturbance

along the bank, associated with netting activity was probably of minor importance in

influencing the distribution patterns of fish in a system which is already turbid and heavily

disturbed.

B3.2.2 Substrate preferences

The greater impact of fish on silt-based invertebrate populations revealed by the

previous experiment was predictable, due to the lack of refuge space for the invertebrates

and the abundance of predators. Even a lower density of fish in unstoned areas, as was

expected in this study, might still have produced this result, but a higher overall density of

fish, especially roach, in these areas, which probably compounded the effects of

predation, was contrary to expectations. Stoned areas are known to support higher relative

densities of prey items, which also live mostly at or near the sediment surface. Search

times ought therefore to be lower than for fish feeding in areas of fine, soft sediment

where prey densities are diluted by the large volume of inert material. Stone-associated

animals are of a more compact unit size compared for example to long, flexuous tubificids

and this more convenient packaging would be expected to reduce handling times upon

capture, due to the greater ease of prey manipulation. Hence these areas were expected to

be utilised intensively by fish for feeding.

In terms of interpreting the effects of fish predation and matching this to fish diets

(see C) a key assumption in the present investigation is that the distribution of fish at the

time of sampling accurately reflects their feeding habits and hence predation pressure on
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the benthos. Diurnal feeding patterns, as a general phenomena, are well known in fish

(Helfman, 1981), but are poorly documented, probably because they are difficult to

observe and quantify in the field. Evidence of diurnal feeding has been assembled from

analyses of gut fullness (see C4.1) but the integration of diet, feeding and distributional

studies appears to be rare. The complications imposed by social interactions between fish,

such as shoaling, also need to be considered. In canals, especially during the summer,

avoidance of day-time traffic effects could be the major pre-occupation of fish, with

feeding compressed into daylight or even twilight periods either side of the daily traffic

peak, and potentially following an altogether different spatial distribution. Validation of

the above assumption is likely to prove very difficult without direct visual observations

which are not possible at high turbidities. Even with microscale sampling gear such as

popnets it is impossible to establish unequivocally that the area over which fish have been

trapped is the same area in which they have been feeding and that from which the food in

their gut is derived. Direct support for this assumption comes from the presence of freshly

consumed prey items in some fish, including invertebrates such as Corophium and

Ecnomus, which appear to show a high substrate fidelity (Chapter 4) and are in agreement

with the substrate distribution of fish at the time of sampling.

If this assumption is correct, a failure to detect significant differences in prey

densities in stoned areas between plots open or inaccessible to predators, when compared

to the control substrate, could be due to the lower overall density of fish in these areas

rather than to the lower mean foraging success of a standard density of fish, as is usually

inferred from laboratory trials in which fish are unnaturally constrained. This question

could be resolved by enclosing equal densities of fish inside enclosures on stoned and

unstoned areas and comparing their effects on the invertebrate community, having thus

controlled for differences in predator density (cf. Walde & Davies, 1984b; Diehl, 1993).

However, since natural predator densities clearly fluctuate spatially and temporally, this

approach on its own would be of limited relevance (Thorp & Bergey, 1981) and would be

best used to complement an exclosure experiment of the type already performed.

Laboratory studies using aquaria, in which simple and complex environments are

simulated, have demonstrated that rates of prey capture by several of these species of fish

are reduced in structurally heterogeneous areas (eg. Diehl, 1988; Mattila, 1992).

According to the predictions of optimal-foraging theory, predators should distribute

themselves so as to maximise their encounter rate with prey, which will produce the

greatest net energy intake and consequently maximise fitness. Changes in structural

complexity generally induce changes in predatory behaviour of fish (Crowder & Cooper,

1982; Wahl & Stein, 1988). An increase in structural complexity, such as is caused by

stoning, may impose a reduction in foraging efficiency on some fish unable to adapt their
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feeding behaviour to the new conditions (Savino & Stein, 1989), thus demanding a

switch by these fish to alternative habitats, if these exist, thereby restoring rates of energy

intake. Roach, and small fish in particular, appear to fall into this category. The tendency

for larger roach to associate with stoned areas would repay further investigation. There is

circumstantial evidence from gut analyses that large fish feed more heavily on benthic

invertebrates on this substrate (C2.5.1). The 'carrying capacity' of stoned areas for roach

may be low when compared to unstoned areas, if effective prey density or the presence of

large prey items does not increase the prey encounter rate or prey profitability sufficiently

to compensate for the reduction in prey capture rate caused by the increased habitat

complexity. In other words, stoned areas, at least for roach, may have too few

invertebrates for their level of complexity. Larger roach, simply by virtue of their size,

may be better equipped for extracting and handling prey items associated with stoned

areas. For roach to concentrate in unstoned areas, the ease of prey capture and perhaps the

improved accessibility of detrital food sources must also be sufficient to overcome any

potential increase in mutual interference effects caused by the higher predator and lower

prey densities, relative to stoned areas. Structural complexity may not have greatly

affected the foraging efficiency of individual (more experienced?) fish present on stoned

areas or the foraging efficiency of species such as perch and ruffe which seem able to

revise their search strategy depending on the complexity of the habitat (Winfield, 1986;

Diehl, 1988; Mattila, 1992). The general preference of roach, the dominant species, for

homogenous unstoned areas, may have therefore proved decisive in the outcome of the

fish exclusion experiment described above.

Previous studies of feeding habits provide an insight into habitat selection by fish

and their substrate-specific effects on invertebrates. Johansson & Persson (1986)

demonstrated that roach were highly efficient predators of small pelagic zooplankton in

eutrophic lakes when compared to perch, but when the two species were compared in

feeding trials with chironomid larvae, perch were by far the superior predator. Roach feed

by cruising constantly and attacking at high speed only those prey items which pass in

front of them. This is an effective feeding strategy for a planktivore in eutrophic waters.

In heavily trafficked canals however, high concentrations of suspended solids in the water

column may interfere with prey capture and cause nutritional dilution of the plankton.

Negative effects on foraging efficiency within the water column may be exacerbated by the

periodic turbulence and resuspension of coarser bed material associated with boat passage.

This may force small roach to switch to a less efficient, but under these circumstances

more rewarding, benthic feeding mode, the pattern of fish distribution suggesting a greater

foraging efficiency in structurally simple, unstoned areas to which a planktivore,

accustomed to a non-complex open water feeding environment, can perhaps best adapt.

Laboratory studies by Winfield (1986) and Diehl (1988) have demonstrated the relatively
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poor foraging efficiency of roach in structurally complex habitats. Observations of young

roach feeding at very low light intensities (Dabrowski, 1982) suggest that light attenuation

caused by suspended mineral particles may not in itself prevent zooplanktivory, because

efficient prey detection is maintained using the lateral line, a complex system of nerve

clusters along the side of the fish (Dabrowski, 1982). Roach are ineffective benthivores,

especially in structurally complex habitats, but continue feeding at light intensities

sufficiently low to adversely affect the foraging efficiency of perch (Diehl, 1988).

Percids can effectively utilise littoral prey patches by searching an area for prey items

while remaining stationary or swimming very slowly and attacking all prey items detected

(Johan sson & Persson, 1986; O'Brien et al., 1986) before moving on to another search

area. Janssen (1982) argued that this search mode would be advantageous in complex

habitats because a moving target is then more readily located against a fixed backdrop.

Since perch are visual predators (Diehl, 1988), they are likely to be adversely affected by

reduced light penetration in turbid canals, although some large individuals are still

effective piscivores at high traffic densities (Pygott eta!. 1990; this study: C4.2.12), while

smaller fish may rely on the large open sensory pores on their head for detection of

invertebrate prey in low light conditions (Maitland & Campbell, 1992). Perch were

distributed relatively uniformly with respect to substrate type in this study but in eutrophic

lakes, where roach and perch interact, a greater use of complex (vegetated) littoral habitats

by perch has been observed and attributed to a competitive asymmetry with roach in

pelagic habitats (Persson, 1987; Diehl, 1988). The overriding effect of a very low light

regime on the foraging efficiency of perch in different microhabitats (Diehl, 1988) may

prevent efficient resource partitioning in intensely turbid heavily trafficked canals.

A second percid, the ruffe, however, showed a high affinity for stone habitats.

Unlike perch this species does not rely on sight feeding (Bergman, 1988), being equipped

with well developed sensory neuromast organs around the mouth and lateral line that

enhance prey detection and capture under poor light conditions (Disler & Smirnov, 1977).

Maitland & Campbell (1992) suggest that ruffe should be more strongly associated with

muddy areas of bed than perch, due to their ability to penetrate into softer substrates while

feeding, but this was not observed in the present study. Ruffe appeared to be exploiting a

range of characteristically stone-associated species more closely than any of the other

species of fish (see C2.2.3). Ruffe are exclusively carnivorous (Bergman, 1990) but their

strongly benthic habit provides scope for considerable dietary overlap with gudgeon

(Hartley, 1948), so it is possible that the restriction of ruffe to stoned areas reflects a

partitioning of habitats which reduces interspecific competition with the more numerous

gudgeon. Ruffe were also found to be numerous at a site on the North Oxford Canal



where the bed was unusually stony due to boat wash erosion of the offside bank (P.

Smith, pers. comm.).

The gudgeon also possesses an exposed row of sensory neuromasts on the lateral

line, but in this species this adaptation is combined with a pair of barbels located at the

corners of the mouth which increase tactile acuity (Maitland & Campbell, 1992). Gudgeon

showed no apparent substrate preference, although they would seem to be well adapted to

exploiting the higher density of prey items on stoned areas. Barbels may also allow

tection of the subsurface movements of tubificid prey on softer sediments and thus

remove any clear-cut difference in profitability between stoned and unstoned areas.

Differences in feeding behaviour between co-occurring species may be allied to their

morphological characteristics and, by producing a non-overlapping pattern of resource

use, may facilitate coexistence (eg. Mittelbach, 1984; Werner, 1984). Thus in this study

differences in mouth morphology may play an important role in explaining the observed

patterns of fish distribution. Perch, ruffe and gudgeon, although very different in general

body morphology, all have a relatively large gape and well developed extendable

premaxilla and are therefore able to effectively exploit hard or soft substrates for benthic

invertebrates. In the percids feeding efficiency on stoned areas may be increased due to a

suctorial feeding mechanism (Lauder & Liem, 1981) that facilitates location and extraction

of prey from narrow crevices between stones. The general effectiveness of benthivory in

gudgeon may be enhanced by the underslung position of the mouth. In roach, a generalist

feeder, the mouth is smaller and less protrusible than in the other species, which

presumably lowers feeding efficiency on coarse substrata by reducing the ability to capture

partially concealed prey items. Soft, silty areas of the bed are easily penetrable by roach

through a head down grubbing action, which may suffice to expose tubificids

concentrated in the top layers of sediment. During the autumn, when densities of tubificids

increase greatly, these prey items are probably easily detected and captured due to their

wriggling movements and under these conditions roach may prove as effective a predator

of tubificids as other fish.

In summary, the greater effects of fish predation on unstoned areas of the canal bed

appear to be caused by an uneven distribution of fish which is related to the response of a

generalist versus more specialised benthic feeders and their relative abilities to exploit a

change in the food resource in a complex habitat. Gudgeon and small perch appear to be

able to utilise benthic food sources with approximately equal effectiveness on both

substrates, are consequently roughly evenly distributed and probably contribute a roughly

even baseline of predator effects on invertebrate populations across both substrates. The

effectiveness of small roach as a benthic feeder appears to be more limited to easily
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accessible tubificids on soft substrata. The consequent bias in the distribution of roach, the

predominant component of the fish community, may therefore have dictated the outcome

of the predator exclusion experiment.

B3.2.2 The distribution of fish between boarded and unprotected areas

The increased densities of fish observed in boarded sections supports the suggestion

that predation pressure from fish was partly responsible for the lower densities of

invertebrates found on unmodified sediment shielded by boarding during 1990-91. The

comparatively high standing crop of Potarnogeton pectinatus present in the boarded

section may have been an added attraction to fish during this time. Harvesting of plants

prior to this experiment ensured that differences in weed cover were not a confounding

variable in the analysis of fish distributions, so it is possible that these results

underestimate the bias of fish towards boarded plots when compared to previous years.

It is well known that fish are attracted to submerged structures (see papers in

Johnson & Stein, 1979 and Stroud & Clepper, 1979). Fishery managers, particularly in

the USA where there is a lucrative sport fishing industry, frequently exploit this fact by

adding dead trees, brushwood or artificial structures such as tyre reefs, concrete blocks,

plastic pipes or stake beds to waterbodies where natural submerged structures are scarce,

in order to concentrate fish and improve angler success. Since the early 1970s, a growing

proportion of the American freshwater fisheries literature has been devoted to the influence

of structure on fish distribution and predator - prey interactions and the consequent use of

artificial structures to manipulate fish stocks (see Seaman & Sprague, 1991). Submerged

structures may offer a refuge for smaller fish from piscivores, shelter against adverse

environmental conditions associated for example with wave action, a more amenable

physico-chemical environment due to buffering of fluctuations in water temperature by

shading, or a higher density of larger or more profitable prey items, themselves buffered

from predation effects by the added structural complexity.

Heavily trafficked canals represent a well mixed environment for fish, in which

temperature and shading effects of submerged structures are consequently unimportant.

Piscivores are scarce, although the high turbidity probably renders submerged structures

largely redundant as far as a visual refuge for small fish from predators is concerned.

However, the shelter from boat wave energy offered by structures may be beneficial to

fish if it reduces swimming time in pelagic species and permits uninterrupted feeding.

Boarded sections may be especially attractive to large fish which have more control over

their movements against the periodic turbulence associated with craft passages, although

such fish could also be at greater risk of injury through collision with wooden surfaces
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during wave action. This may also explain the preference of roach for boarded sections,

while the bottom-dwelling gudgeon showed no clear response to boarding. The design of

the boarding, which included a plank lying flush with the sediment surface may however

have obstructed the movement of gudgeon over the bed into protected areas. The densities

and compositions of invertebrate populations in boarded sections (Chapter 4: 3.2.3.3)

should not have influenced their attractiveness to fish and it may be that the apparent

reductions in invertebrate densities were due to the larger numbers of fish or longer

periods spent feeding in this treatment. An extension of an exclosure study to include the

boarded section would clearly be of interest.

Finally it must be stressed that these conclusions are based on the results of

sampling on only three occasions. While this provides a sufficiently accurate picture of

fish distributions for the purposes of this study, more regular sampling, preferably by the

use of rising nets (pop nets) is necessary to confirm these microsc-ale distribution patterns.

Other techniques for defining distribution patterns such as sub-lethal rotenone poisoning

are unsuitable for use in heavily trafficked canals during the summer. This study supports

other observations on temperature-driven seasonal changes in fish distribution

(Welcomme, 1979; Holland, 1986), but fish distribution and feeding activity is also

known to change on a diurnal basis (eg. Helfman, 1986; Holland & Sylvester, 1983;

Tyus & Haines, 1991). In a heavily trafficked canal where there is a strongly diurnal

effect of boat traffic, greater attention may need to be paid to temporal shifts in distribution

when estimating predation pressure on different habitats. Conversely, the daily cycle of

light and dark, which is thought to be the main stimulus for diel activity in fish (Muller,

1978), may be modified in heavily trafficked canals due to a daytime rise in light

attenuating suspended solids related to the daily cycle of boat activity.

• More information is also required on the importance of shoaling behaviour and other

social interactions between age classes and species of fish in canals in determining small

scale distribution patterns and the possible effects on these interactions of traffic

disturbance. These might include dispersal of fish, social dysfunction, reductions in

mutual interference or increases in stress and individual vigilance, leading to reduced

feeding time.
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C. FEEDING & COMPOSITION OF FISH GUT CONTENTS

Cl. METHODS

The intestines of 209 roach and 207 gudgeon from three dates and a cross section of

treatments were obtained by removing random sub-samples of fish from the catches

described above, which had been stored in 40% formalin. Fish were separated into two

size classes, viz, 40-79mm and 80-120mm, henceforth referred to as small and large

respectively. Smaller samples of other species were also obtained including perch

(n=118), ruffe (n=10), bream (n=5) and bitterling (n=60). Roach, gudgeon, perch and

ruffe, the main components of the fishery, were analysed quantitatively but in the other

species gut contents were only recorded subjectively due to the small sample size (bream)

or the apparent relative uniformity of gut contents (bitterling).

For all fish the alimentary canal was dissected out in a petri-dish and lifted away

from the fish's body. In the case of cyprinids, which have have an elongated intestine and

no stomach, the 'gut' included the oesophagus from immediately behind the pharyngeal

teeth and extended as far as the final loop of the intestine. In percids the gut included the

oesophagus up to the hind-end of the stomach. The gut was then laid out and scored for

fullness of contents on a simple 4 point scale;

0 = Empty (fish not considered further)

1 = Some contents (up to half full)

2 = ± Full

3 = Distended.

The stomach or gut was then cut open and the contents floated out for examination

under a stereo-zoom microscope. Invertebrate prey were identified to the lowest

taxonomic level possible and gut contents were described using a combination of

numerical and volumetric techniques. The relative merits of these approaches have been

discussed by Hynes (1950) and Hyslop (1980). The number of individuals of all

discernible prey types was counted. Chironomids and Ecnomus were easily recognisable

on account of their resistant sclerotized head capsules, while the malacostraca could be

identified from their chitinous exoskeletons. Counts of individuals were based on the

number of heads present. Benthic microcrustacea were classified as cyclopoid copepods

(Cyclops sp.), Ilyocryptus sordidus and other cladocera (principally the chydorids, Alona

affinis and Chydorus sphaericus). Numbers were determined by counting heads

(copepods) or paired valves (chydorids), but were estimated where they exceeded about

1000. The number of individuals of each prey type was recorded and the total expressed

as a percentage of the total number of all prey items present. Using fish of similar sizes,
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the mean numbers of the main prey types per stomach were also calculated. The main

weakness with this technique is that it overweights the importance of numerous but small

prey items, while some easily digested prey, such as oligochaetes, may be difficult to

translate into number of prey items, especially in cyprinids where prey is crushed between

the pharyngeal teeth before it enters the gut. Furthermore, in the case of roach and

gudgeon, preliminary examination of gut contents indicated a large bulk of non-modular

plant material and detritus.

For volumetric analysis, a modification of the points system (Swynnerton &

Worthington, 1940; Frost, 1943) was chosen, in which a subjective estimate is made of

the percentage contribution of each category of food to the total contents of each gut,

before being adjusted to compensate for differences in gut fullness, as recommended by

Hynes (1950). The main disadvantage of this technique is its subjectivity but more

exacting volumetric or gravimetric methods were ruled out by shortage of time and an

emphasis on microhabitat and interspecific differences in diet, for which a broad-brush

approach allowing reasonable replication was preferable to a high time investment in fine

detail. Analysis of gut contents in general may also produce a distorted profile of the diet

of a given species due to under- or over-emphasis on certain prey items according to their

digestibility and residence time and differences in the rate of gut evacuation dependent on

ration (eg. Elliott, 1976). The effects of temperature on gut evacuation may also hinder

comparisons between gut contents of fish sampled at different times of year, while

species-specific differences in rates of digestion and residence times for different prey may

limit the validity of interspecific comparisons of gut contents. Ultimately, food recovered

from a fish's gut can therefore provide only an approximate indication of the range and

amount of food actually consumed. Estimates of stomach fullness index also take no

account of stomach capacity, ie. fish size (Hyslop, 1980). For the purposes of a

comparative study of several species from adjacent microhabitats, these objections were

considered to be fairly minor, since all fish were sampled simultaneously, within close

proximity and at a time of a day when, according to the best available information, they

should have been feeding actively and had presumably been equally affected by external

influences on digestion rates. Furthermore, the fish sampled covered a relatively small size

range, thereby reducing the significance of differences in stomach capacity.

A variety of indices may be used to summarise dietary composition or assess the

relative importances of different prey items, allowing comparison between different

species (Hyslop, 1980). The electivity index of Ivlev (1961) or the standardized forage

ratio (Chesson, 1983) may also be used to determine the incidence or intensity of prey

selection by comparing the proportion of a prey item in the diet to its availability in the

environment. In this study, most fish contained substantial quantities of non-animal food
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which could be itemised only roughly by volume. Furthermore, tubificids, which are

apparently heavily predated by fish, are almost certainly under-represented in the gut due

to rapid digestion or maceration. Benthic microcrustacea which were extremely abundant

in many fish were also not sampled reliably in the field during collection of routine

invertebrate samples, due to the use of a 500gm sieve through which most of these

animals pass. Since electivity type indices or a measure of relative importance (Pinkas et

al., 1971) depend on an accurate count of all prey items contained in a gut and their

availability in the potential invertebrate food base, they were not considered applicable to

this study. Instead, mean numbers per gut of small easily quantified microczustacean prey

were compared between fish on different dates. In the case of the less numerous but

larger-bodied, principal macroinvertebrate prey (ie. chironomids, Ecnomus, Corophium

and Asellus), which could be sampled in the field with a high level of precision and were

easily recognisable among the gut contents of a fish due to resistant body-puts, dietary

preferences were assessed by comparing relative proportions in the gut to those

documented for the canal bed. Simple frequency of occurrence methods for describing

diets were also considered, whereby the number of guts containing one or more

individuals of each prey type are expressed as a proportion of the total number of guts

examined (eg. Kennedy & Fitzmaurice, 1972). These proved useful to assess the ubiquity

of most food items and to complement volumetric analysis as a means of comparing the

diets of different species, but were often insensitive to marked differences in the

volumetric contribution of certain prey items between fish from different substrates.

All data on diet composition by volume (points system) is displayed for comparison,

using stacked bar or pie charts (raw data on which these diagrams are based is contained

in Appendix 5.2). Pooled samples for a given species, substrate or date are weighted to

remove the bias due to differences in the degree of replication for different species on

individual dates and differences in the proportion of fish in the two size classes. Pooled

samples therefore assume equal numbers of fish from each sampling date and, for

cyprinids, equal proportions of large and small fish, irrespective of the ratios in which

they occurred in the original samples. This was justified on the grounds of the small total

size range of the fish analysed and, in the case of gudgeon and roach, the apparent lack of

any marked disjunction in the composition of gut contents between small and large fish.

All perch larger than 80mm were found to be wholly piscivorous while small fish (ie. 0+)

had fed on invertebrates. In this case a pooled sample would clearly have been misleading

so the quantitative data presented for perch refers exclusively to small fish.
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C2. RESULTS

C2.1 Comparison of gut fullness in roach and gudgeon

The distribution of roach and gudgeon by gut fullness scores is illustrated in Figure

5.13. In both species the majority of individuals had a full alimentary canal (score 2), but

the distribution of gudgeon was sufficiently biased towards the lower classes (gut empty

or only partially full) and that of roach towards the upper classes (gut full or distended) to

give a highly significant difference between the distribution of the two species, when

assessed using a X2 test (V = 14.04; df=3; P=0.003).

C2.2 General dietary characteristics

C2.2.1 Roach 

The diet of roach (Figure 5.14 and 5.15) was dominated by vegetable matter (80%

by volume) which included detritus, filamentous algae and leaf tips of Potamogeton

pectinatus. Of the invertebrate component, chironomids and chydorids were dominant and

terrestrial invertebrates, although of secondary importance, were far more prominent in

roach than in any of the other species of fish examined.

C2.2.2 Gudgeon

Gudgeon (Figure 5.14) consumed a roughly equal volume of detritus and animal

food, the latter dominated by cyclopoid copepods, chydorids and chironomid larvae plus

smaller volumes of tubificids and Ecnomus. Comparison of gut contents by their

frequency of occurrence (Figure 5.16) highlights the contrast between roach and gudgeon

in terms of consumption of microcrustacea and filamentous algae and macrophytes.

C2.2,4 Perch

Perch were carnivorous (Figure 5.14). 0+ and 1+ aged fish fed heavily on cyclopoid

copepods plus chironomids, Ecnomus, Corophium and Asellus. Oligochaetes were rarely

encountered among the gut contents, while chydorids, although not infrequent, accounted

for only a very small fraction (1.1%) of the total food recovered. The more qualitative

difference in diet between perch and the cyprinids, most notably with regard to the greater

consumption by perch of copepods and malacostraca, is readily apparent from Figure

5.16. All perch in the >80mm size class were exclusively piscivorous on 0+ roach and

bullhead, although the smallest perch in this size class measured 95mm.

C2.2.3 Ruffe

Ruffe (Figure 5.14) were wholly carnivorous, their diet dominated by Ecnotnus and

chironomid larvae, together with smaller quantities of Corophium, Asellus and tubificids.

329



1, 

3

100

rA roach (n=209)

0 gudgeon (n=204)

20 -

1
2

gut fullness scores

Figure 5.13. Comparison of frequency distribution of gut fullness
scores for roach and gudgeon from 3 sampling occasions. The
difference between the two species is significant at 1% (chi-squared
test for 2-independent samples).
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C2.3 Seasonal changes in composition of gut contents

C2.3.1 Roach 

In spring, detritus accounted for half the gut contents, supplemented mainly by

filamentous algae and benthic cladocera. In the summer there was a small increase in the

relative volume of plant matter, but a pronounced increase in the proportion of

Potumogeton pectinutus. Chironomids and then tubificids represented the bulk of the

animal component. In September, filamentous algae and detritus each accounted for about

one third of the gut contents, the small animal component featuring a mixture of prey,

mainly Pisidium, Ecnomus and terrestrial invertebrates.

C2.3.2 Gudgeon 

In the spring, detritus accounted for half of the gut contents and benthic

microcrustacea, mainly Ilyocryptus sordidus, almost one third. The bulk of the

macroinvertebrate material consisted of chironomids and Ecnomus. In the summer the

proportion of detritus increased to two thirds of the gut contents. Benthic microcrustacea

were relatively unimportant and chironomids and tubificids accounted for most of the

remaining third. Tubificids, together with Ecnomus, formed a greatly increased proportion

of the diet in September, but microcrustacea (mainly cyclopoid copepods) made up a

quarter of the gut contents. Detritus declined back to about half of the volume of food

ingested.

• C2.3.3 Perch

No perch were caught on 28.05.92. The samples for this species appeared to cover

only a single cohort of fish spawned in the spring of 1992. Seasonal changes in diet may

consequently be more indicative of developmental changes in the larval stage than

temporal differences in prey availability. In July the gut contents of all fish were

dominated by copepods while approximately a third of the fish contained smaller

quantities of chironomids. By late September the microcrustacean component had dropped

to about half the volume of the gut contents and the diet had diversified to include larger

quantities of chironomids plus Corophivm, together with a smaller volume of Ecnomus

and Asellus.
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other aquatic invertebrates

III Terrestrial invertebrates

inorganic debris

PERCH
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UNSTONED

• Copepoda	 Ecnomus tenellus

• Chydoridae	 Asellus aquaticus

Oligochaeta	 • Corophium curvispinum

0+4; Chironomidae

Figure 5.15 (cont'd). Seasonal change in composition of gut contents in sub

80mm perch with respect to substrate
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C2.4 Ontogenetic shifts in diet

C2.4.1 Roach

Invertebrate prey collectively accounted for a similar or smaller fraction of the diet in

large fish compared to small ones, depending on the season, but averaged 17.2%

compared to 26%. A relative reduction in the volume of detritus consumed by large fish

was offset by a marked increase in the amount of filamentous algae and macrophyte tissue

in the gut (25.8 and 20.3% respectively compared to 17.9 and 4.8% in small fish). These

differences are summarised in Figure 5.17.

C2.4.2 Gudgeon

Gudgeon displayed a similar trend towards increasing volumes of detritus in larger

fish (64% by volume in large fish compared to 44% in the small size class), but

filamentous algae and macrophytes were only present in very small quantities.

Microcrustacea occupied a relatively small volume of the food ingested by large gudgeon

(10.7% compared to 33.4% in small fish), but tubificids and Ecnomus were relatively

more important in these fish.

C2.4.3 Perch 

The diet of small perch was strongly dominated by copepods, with age 0 fish

including a larger proportion of macroinvertebrates (mainly chironomids and Corophium)

in their diet by the end of their first summer. Fish older than 2+ were exclusively

piscivorous, but were only sampled in small numbers.

C2.5 Effects of bed hardening on composition of gut contents

C2.5.1 Roach 

Vegetable food was consistently less important in the diet of roach collected from

stoned areas, compared to fish from control areas on the same date, the main difference

being the relative amounts of filamentous algae consumed. The greatest convergence in

diet between the two substrates occurred in July when benthic invertebrates were scarce in

general and detrital material was supplemented by grazing on Potamogeton pectinatus.

(see Figure 5.15), especially by fish taken over stoned areas in which detritus may have

been less readily accessible. This was the only species to utilise P. pectinatus as a food

source. On average, over the period studied, animal prey accounted for more than twice

the proportion of the gut contents in roach from stoned areas of bed than in those from

unstoned areas, (28.9% versus 13.5%) but considering fish in terms of size this

difference was more pronounced for large fish (25.1% versus 8.4%) than the small size

class (33.4% versus 18.2%). Chydorids were a prominent component of the diet of both
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sizes of roach on stoned areas in the spring (27% by volume), while in the autumn roach

had taken mainly Ecnomus and a small number of Pisidium, together with a number of

scarcer stone-associated animals, including a planorbid snail and Sialis. In spring and

autumn terrestrial taxa figured more largely in the diet of roach in stoned areas, thereby

adding support to the earlier suggestion that terrestrial animals falling into the canal will

tend to accumulate in stoned areas, if they are not first consumed near the water surface by

fish.

C2.5.2 Gudgeon

Differences in gut content composition between the two substrates on individual

dates (Figure 5.15), or between the different size classes using pooled data (Figure 5.17),

were more subtle than for roach and could not be detected simply by comparing the

frequency (Figure 5.16). Taking fish of all sizes together, gudgeon consumed very similar

amounts of vegetable matter between the different substrates on individual sampling dates,

giving a pooled mean of 55.7% and 55.0% for stoned and unstoned areas respectively.

Benthic microcrustaceans, were generally more important on unstoned areas, being

replaced mainly by tubificids and Ecnomus in stoned sections. Unlike roach, there was no

interaction between size-related detrital consumption and the substrate over which the fish

were sampled. Gut contents of large gudgeon comprised, on average, 64% detritus,

compared to 44% for small fish, regardless of the substrate over which they were

collected.

C2.5.3 Perch 

On both sampling occasions on which perch were collected, the gut contents of fish

from stoned and unstoned areas were found to be remarkably similar in their composition.

This is apparent from Figures 5.15 and 5.16. Copepods were ubiquitous in July,

accounting on average for 72.8% of the gut contents from fish on stone compared to

84.7% on silt, while chironomids constituted the bulk of the remaining prey. On 21.09.92

the only marked contrast in stomach contents between stoned and unstoned areas lay in the

proportion of copepods (53.3 compared to 39.0% respectively) and the surprising relative

volumes of Ecnomus (4.9 compared to 14.4% respectively). Chironomids and

Corophium, the main macroinvertebrate prey, were consumed in approximately equal

amounts on stoned and unstoned areas but Asellus aquaticus and Gammarus pulex,

previously found to be strongly stone-associated, were almost unique to perch taken over

stone.
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C4. DISCUSSION

C4.1 Gut fullness

The gut fullness of a fish depends on a variety of interacting factors, including the

consumption rate, motivation, time of day, temperature, composition and digestibility of

the diet (Keast & Welsh, 1968; Elliott, 1972; 1975; Persson, 1982). Diel feeding activity

in roach has been described by Persson (1982; 1983c) and Jamet eta!. (1990) and shown

to change from mainly crepuscular activity in spring to diurnal feeding in summer, with a

peak of activity around mid-day and very little or no feeding occurring during darkness. A

similar pattern has been reported for perch with feeding maxima occurring between dawn

and mid-day and early evening until nightfall (Thorpe, 1977; Treasurer, 1990). Since

sampling of fish generally took place between 0900-1300hrs, high gut fullness ratings are

to be expected, although it seems possible that the daily cycle of boat traffic in a canal may

modify this feeding pattern through a behavioural response to the period of physical

disturbance or the shift in the normal light-dark cycle mediated by turbidity effects. This

may be especially so in perch which have been shown to become inefficent benthivores at

low light intensities (Berman, 1988; Diehl, 1988). Manteifel eta!. (1978) have described a

shift towards a primarily benthic distribution in small roach with decreasing light intensity,

which, in canals, might correspond to the replacement of planktivory by a mainly benthic

diet during the day as traffic densities and turbidity increase. In the case of gudgeon, a

strongly benthic habit and associated morphology may allow avoidance of boat-related

disturbance of the water column, or conversely, may increase susceptibility to disturbance

through resuspension of the bed. However, there appear to be no published reports on

feeding rhythm in this species that would offer a suitable baseline. A greater dependence

on invertebrate prey, which may themselves vary diurnally in their vulnerability to

predation (Keast & Welsh, 1968) according to temperature and traffic effects (Steel,

1990), may also influence the feeding rate and gut fullness of gudgeon. However, while it

is tempting to infer a diel feeding cycle for gudgeon different from that shown by roach,

based on gut fullness ratings, comparisons between these species are probably not strictly

valid, due to differences in gut capacity, diet and gut evacuation time. The two species

may also differ in their response to capture. Involuntary partial regurgitation or gastric

evacuation of the gut contents by capture-stressed fish could, for instance, explain the

tendency for less fully-occupied guts in gudgeon.
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C4.2 Constituents of fish diets and seasonal changes in their

importance

C4.2.1 Microcrustacea

Microcrustaceans accounted for a major part of the diet of small gudgeon and perch

and to a lesser extent roach. The absence of planktonic species, notably Bosmina and

Diaptomus, which form a large proportion of the zooplankton in turbid heavily trafficked

canals (Willby, 1989; Staples, 1992), combined with the frequent occurrence of chydorids

of known benthic distribution, indicated that most microcrustacea consumed by fish in the

present study were derived mainly, if not exclusively, from benthic feeding. Ostracods,

which are common on the bed, were however, rarely eaten. This might be an avoidance

reaction to an indigestible food item (Vinyard, 1979: see C4.3.5) The resistant valves of

the cladocerans were adequate for identification to species in most cases. Following a

spring hatching, the macrothicid Ilyocryptus sordidus dominated the diet of bream (more

than 10000 individuals per fish) and was a major consituent of the diet of gudgeon, but

was surprisingly absent from the diet of perch and roach. Although I. sordidus was a

major component of the benthic cladoceran fauna in the R. Thames at Twickenham, it was

never included in the diet of fish despite extensive feeding on chydorids (Robertson,

1988). This may reflect its availability to fish since, in the Thames, I. sordidus lives deep

in the sediments (Robertson, 1988) while, at a nearby site on the Shropshire Union Canal,

I. sordidus occurred commonly in plankton samples taken just above the mud surface,

suggesting a primarily epibenthic distribution (Willby, 1989). The coincidence of peak

densities of this species with the mid- or post-spawning phase in fish may be critical to the

recovery of body condition. In general however, chydorids (mostly Alona affinis and

Chydorus sphaericus) dominated the fraction of the microcrustacea consumed by roach (in

terms of both total numbers of individuals consumed (Figure 5.18) and points awarded),

while in gudgeon, Cladocera (llyocryptus and chydorids combined) and copepods were of

roughly equal status in the diet. The greater importance of Ilyocryptus in terms of gut

volume reflects the typically larger body volume of this cladoceran when compared to

copepods. Fish feeding on Ilyocryptus are therefore likely to become satiated after

ingesting fewer individuals than when feeding on copepods or chydorids, which, in this

study, were both small (mainly in the size range 250-500gm). A decline in the importance

of microcrustaceans in the diet of roach and the replacement of cladocera by copepods in

the case of gudgeon, is in contrast to the increased importance of Cladocera in the autumn

in the diet of roach, noted by Persson (1983c; 1987), although his studies concerned

mainly planktonic rather than benthic microcrustaceans and, for the purposes of

comparison, probably only serve to underline the influence of local differences in

microcrustacean communities on diet composition.
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342



The relative importance of cladocera and copepods in fish diets is of interest in the

context of feeding studies undertaken by Winfield et al. (1983) and Johansson & Persson

(1986), in which the efficiency of roach feeding on planktivorous cladocera and copepods

was compared with bream and perch. Roach, as predicted, were considerably more

efficient than perch in terms of capture rate and handling time for both taxa (Johansson &

Persson, 1986), but there were marked differences in capture rate and handling time for

copepods and cladocera. This may be attributed to the relative immobility of cladocerans

compared to the more erratic, jerky swimming movements of copepods, which allowed

them to evade capture (Kerfoot et al., 1980). Conversely, roach and bream were both

highly effective predators of planktonic Cladocera, but bream were far superior to roach in

taking copepods (Winfield et al., 1983). Where roach or perch have been feeding on

zooplankton, cladocera are therefore usually dominant over copepods in their guts

(Persson, 1983c; 1986; Bergman, 1990), due to the higher strike efficiency against the

less agile cladocera (Winfield et al., 1983). Treasurer (1990) however, obtained

conflicting results, and found that planktivorous 0+ perch in two lochs showed positive

preferences for copepods over cladocera. Dabrowslci (1982) also found that the rate of

feeding on planktonic copepods by roach fry was unaffected by extreme reductions in

light intensity while that of perch fry was strongly attenuated. This suggests that prey

selection and feeding efficiency in roach and perch may be overlain by a light response

conditioned by the differential sensitivity of the lateral line system which replaces visual

feeding at low light intensities (Dabrowslci, 1982).

The predictions from experimental feeding studies (Winfield et al., 1983; Jonasson

& Persson, 1986), however, contrast with the results of the present study in which

copepods, despite being the dominant component of the microcrustacean resource, were

scarcely eaten by roach, yet dominated the diet of perch. Gudgeon consumed copepods

and cladocera in equal proportions while the few bream examined contained only

Ilyocryptus and roach fed principally on cladocera, as predicted by feeding trials, due

presumably to their greater ease of capture. Hence findings from studies of planktivory in

a laboratory environment may not be applicable to feeding on benthic microcrustaceans in

the field, which takes place against a fixed background. The relative proportions of

microcrustaceans in the intestines of roach and gudgeon and the stomach of perch,

compared to those on the bed are illustrated in Figure 5.18. For this purpose it is assumed

that different microcrustacea have similar residence times in the gut. Samples to determine

the composition of the benthos in July and September will be processed at a later date.

Roach are evidently ignoring, or are relatively ineffective predators of, copepods.

Selective capture of the scarcer, but less mobile and more often sub-surface chydorids is
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consistent with results of the foraging studies of Winfield et al. (1983), but must involve

different mechanisms to planktivory. The relatively deep body shape and small high set

mouth of roach may restrict its feeding action to head-down stabbing with the body angled

to the substrate. This may tend, by accident or design, to concentrate feeding on

subsurface, slow-moving prey, including chydorids, while dispersing the numerous but

more mobile copepods, concentrated at the sediment-water interface. The absence of

Ilyocrypyus, extremely common on the canal bed in May, remains puzzling however. In

July and September, microcrustacea were sufficiently scarce in the gut (on average 25 cr

less) to suggest that they may have been obtained inadvertently during ingestion of

detritus. Bream, which feed in soft sediments by excavating a pit, have a more protrusible

mouth than roach (Winfield et al., 1983) and are known to be able to filter feed on

zooplankton (Lammens, 1985). This may allow bream to engulf large amounts of

sediment and reject particles outside a critical range of size or density by backwashing,

thus explaining the large numbers of Ilyocryptus eaten. The barbels of gudgeon may

heighten its sensitivity to very small prey items and, combined with a 'hoover-like'

feeding action produced by a large overhanging upper lip, which can be extended to form

a hood over the mouth, allow it to exploit agile benthic copepods more efficiently than

roach, especially under turbid, disturbed conditions. Perch and gudgeon, with their

relatively flat underside and forward set pelvic fins, may also be more adept at cruising

close to the bed and, by means of an underslung mouth (gudgeon) or heavy lower jaw and

suctorial facility (perch), able to pick off copepods from the sediment surface, despite the

very high turbidity. Although Werner & Gilliam (1984) regarded perch as inefficient

planktivores, being 'burdened' with a piscivorous morphology from an early age, this

morphology appears to remain effective with very small benthic prey. More information

on feeding behaviour is required before differences in the relative proportions of copepods

and cladocera consumed by perch and gudgeon can be explained. It is also unclear to what

extent, if at all, this diet is influenced by a competitive assymetry with roach. Previous

studies have shown that an increase in roach density may accelerate the ontogenetic shift in

0+ perch away from the preferred prey of planktonic cladocerans and towards copepods

and benthic macroinvertebrates (Persson, 1986; Persson & Greenberg, 1990; Bergman,

1990). Since, in the present study, individual roach only consumed very small numbers of

cladocerans at times when perch were also present there is little to suggest that dominance

of the cladoceran prey base by roach forces perch into feeding on benthic copepods,

unless dominance is achieved simply by the extent to which roach out-number perch. If

indeed this diet is related to interactions with other species, interspecific competition from

gudgeon would appear a more likely cause.
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The greater effectiveness of gudgeon as predators of benthic copepods relative to

roach may be an important mechanism for facilitating coexistence between these species in

the strongly resource-limited environment of a heavily trafficked canal. Conversely,

Persson (1987) however, calculated that for 2+ perch, microcrustaceans were greatly

inferior to chironomid larvae in terms of energy return per unit handling time. In gudgeon

of a similar size and age to this, the prevalence of microcrustaceans in the diet could

therefore be indicative of a relative scarcity of more profitable macroinvertebrate prey

items and may contribute to the poor growth rates noted in heavily trafficked canals.

Microcrustaceans appear to represent a relatively minor part of the diet of roach and

gudgeon in small lowland rivers (Hellawell, 1972; Mann, 1973; Kennedy & Fitzmaurice,

1972), compared to their widely acknowledged importance in standing-water habitats

(Persson, 1983a; Kennedy & Fitzmaurice, 1972). Britton (1968) emphasised the

importance of these organisms in the diet of young fish, including roach and bleak, in the

River Thames, with more recent work having highlighted the role of benthic cladocerans

(Robertson, 1985; 1988). These studies have concerned sections of the river which have a

number of features in common with heavily trafficked canals, such as frequent boat

passages, sediment resuspension and a sparse submerged vegetation. Staples (1992) also

found that microcrustacea were consumed in large numbers by roach and gudgeon in a

nearby section of the Shropshire Union Canal. Here the proportion of calanoid and

cyclopoid copepods and cladocera in the diet reflected the feeding distribution of fish

within the water column, Cyclops species generally predominating near the channel bed

and in gudgeon guts. In this study, the occurrence of a single species (usually Alona

affinis or Ilyocryptus sordidus) in large numbers (>1000) in the guts of gudgeon and

bream, often to the exclusion of all other microcrustaceans, and the absence of extraneous

detrital material or sediment, was often striking, especially in view of the low light

conditions at the bed, suggesting that these fish can either exercise a high degree of prey

selectivity, or are exploiting single-species prey patches. Kennedy & Fitzmaurice (1972)

also emphasised the importance of cladocerans (mainly chydorids) in the diet of reservoir

populations of gudgeon, but in contrast to the present findings only recorded copepods in

very small numbers in their guts. This may however, reflect the composition of the

microcrustacean resource rather than any significant difference in selectivity.

Microcrustaceans plus rotifers typically form the staple diet of 0+ perch (Treasurer, 1990),

at least until growth is sufficient or competitive pressure with roach induces a shift to

macrobenthic feeding (Persson & Greenberg, 1990).

In view of the role of benthic microcrustacea in fish diet and energy transfer within

the ecosystem, combined with their ease of sampling, these organisms appear to merit a
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far greater level of attention than they have been afforded in previous multi-disciplinary

ecological studies of canals.

C4.2.2 Oligochaetes

Densities of Limnodrilus hoffmeisterii in plots inaccessible to fish were six times

higher than in open plots during October (A3.1). Tubificid worms are therefore, by

inference, a major component in the diet of canal fish, although this is not supported by

the results of gut analysis. Even without the results of a fish exclosure study, it would be

most surprising if tubificids were actually as scarce in the diet of fish as is suggested by

their occurrence in guts, given their dominance of the benthic invertebrate community. On

the unmodified areas of channel bed, fish would have to be actively selecting against the

most frequently encountered prey item to produce this situation. The extent to which a

higher volumetric content of tubificids in ruffe and gudgeon reflects a real difference from

roach in terms of actual numbers of tubificids consumed, is uncertain. Percids swallow

their prey items intact so it was not surprising to find a greater proportion of identifiable

tubificid remains in the stomachs of ruffe. An absence of tubificids was nevertheless a

consistent feature of all 0+ perch examined both from the experimental site and in an

additional sample of 11 fish taken from the main channel on 21.09.92. Gudgeon may

differ from roach in the relative quantity of tubificids they consume, or in diel feeding

activity, rate of digestion or gut evacuation time as discussed above.

The general importance of tubificids in fish diet is widely acknowledged (Kajak et

al., 1972; Brinkhurst, 1974), but it has rarely proved feasible to quantify their role in fish

diet (eg. Kennedy, 1969) due to the rapidity with which they are either digested or

rendered unrecognisable through crushing, especially in cyprinids (Kennedy, 1969;

Grigyalis, 1980). In these cases the consumption of oligochaetes may be confirmed by the

presence of chaetae in the food bolus, although in fish such as roach, which also consume

substantial quantities of vegetable material, the time taken to search for these bristles may

be prohibitive, while this approach provides no indication of numbers of animals

consumed. Serological studies (eg. Young, 1980) or electron microscopy, could offer a

useful, but again only confirmatory, alternative technique. Fish-exclosure experiments as

used here, complement dietary analyses of fish, and enable predator effects on the more

readily digested components of the benthos to be assessed by comparison of grazed and

ungrazed benthic communities (Riera et al., 1991). Previous studies of the diet of roach

(eg. Hellawell, 1972; Mann, 1973; Persson, 1983c) have not recorded tubificids among

the gut contents of the fish examined, even as a minor component. Oligochaetes have

similarly been reported as a minor or infrequent component of the diet of gudgeon

(Hartley, 1948; Kennedy & Fitzmaurice, 1972). They also appear to be found only rarely

in the stomachs of perch (Goldspink & Goodwin, 1979; Persson, 1983b, 1986), although
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they were not uncommon in the diet of small fish (<100mm) caught at Beeston on the

Shropshire Union Canal (Staples, 1992). However, it is unlikely that any tubificids will

be detected from among a range of fish, even where they represent a staple component of

the diet, unless the entire alimentary canal, starting from immediately behind the

pharyngeal teeth is removed, thus allowing examination of the fore gut in which freshly

crushed or swallowed tubificids might still be recognisable. Even then tubificids (and

other similarly soft-bodied prey) are liable to be grossly underestimated. Other studies

appear to have concentrated on the mid- to hind-gut regions where tubificids may be

overlooked altogether.

C4.2.3 Leeches

No leeches were observed in the guts of 430 cyprinid fish examined in this study.

This is unsurprising, partly because leeches accounted for less than 1% of the potential

invertebrate food base, but also because the lack of a skeleton causes these animals to be

rapidly reduced to unrecognisable remains in the gut of a fish, determination of their

presence then being possible only by serological techniques (eg. Young, 1980).

Information on leech predation by fish is fragmentary and of variable quality, but has

generally suggested that predation of leeches by fish is rare, although leeches are readily

consumed by fish in simple laboratory trials (Young & Spelling, 1986). Percids appear to

be the only group of fish to regularly consume leeches in any significant quantity

(Maitland & Campbell, 1992). Persson (1983b; 1986) for example, recorded Hirudinea as

a small but frequent component of the diet of perch in Lake Sovdeborg, a eutrophic

Swedish lake, while Bergman (1990) found that leeches were a major component in

biomass terms of the autumn diet of ruffe. Staples (1992) recorded leeches as occasional

items in the stomachs of small perch (<100mm) from the Rufford Branch and at Beeston

on the Shropshire Union Canal. In the present study however, the only visible evidence of

predation on leeches was one freshly consumed specimen of Helobdella stagnalis in a 1+

perch. The relatively large size and high energetic value of leeches (5500-6000 cal gDW-1)

as determined by Driver et al. (1974), ought to make them attractive prey items for fish,

but their stone-dwelling habit may afford an effective anti-predator refuge.

C4.2.4 Corophium curvispinum

The scarcity of Corophium in the diet of roach and gudgeon sampled from stoned

areas is remarkable considering its abundance there. Some possible explanations for this

are offered in C4.3.3. It is impossible to overlook or misidentify Corophium within the

gut of a fish, due to its chitinous exoskeleton and the diagnostic head and enlarged second

antennae. From a sample of 420 roach and gudgeon only 2% (6 gudgeon and 3 roach)

contained Corophium and in these individuals Corophium always accounted for less than

10% of the gut contents by volume. Corophium occurred in half of the ruffe examined and
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accounted, on average, for 17% of gut contents. Corophium was absent from 0+ perch in

July, probably as a result of either limited availability or the early developmental stage of

the fish which precluded feeding on large, relatively indigestible prey. However, it

occurred in 40% of the perch caught in late September, in a similar overall numerical

proportion to that measured for the stone-based benthos (Figure 5.19). While numbers

consumed were small (up to 8 per fish), Corophium usually accounted for the majority of

the gut contents in these fish due to its large body size. Having visually inspected more

than 10000 Corophium colected in sediment cores from this canal, it was readily apparent

that both perch and ruffe were also consuming a disproportionately high number of large

individuals relative to their abundance in the benthos. Size selective predation of

amphipods by yellow perch (Perca flavescens) and sunfish (Lepomis sp) has also been

observed in the North American species Hyallella azteca (Hall era!., 1977).

Rather surprisingly, Corophium was proportionally more common in perch taken

over unstoned than stoned areas (Figure 5.19). Assuming that the distribution of fish

upon capture accurately reflects the area over which they have most recently been feeding,

this result could indicate selective predation of large, normally stone-associated animals on

unstoned areas where they are unbuffered by a spatial refuge. This appears to contradict

the results of the predator exclusion study described in part A. However, since

Corophium (and other stone-associated animals) do not increase once fish are excluded

from unstoned areas, the individuals predated are likely to be moribund (old, injured or

dead) or highly disorientated, possibly even still suspended in the water column, and

therefore probably incapable of forming a new population. Fish sampled over silt might

also obtain Corophium by feeding on the epipelic invertebrate community associated with

steel piling. This is supported by the joint presence of Ecnomus in guts, a species also

found in the epipelon, while two other stone-associated species, Gammarus pulex and

Asellus aquaticus, which may also drift to unstoned areas but appear to be strictly

epibenthic in habit, are absent from or very rarely recorded in fish from unstoned areas. In

conclusion, while fish predation could contribute to the rarity of stone-associated

invertebrates in cores taken from unstoned areas, the lack of substrate stability and

heterogeneity is considered to remain the dominant underlying cause of the substrate-

based differences in faunal composition.

In an earlier study in the Middlewich Branch, Pygott & Douglas (1989) also failed to

find Corophium in roach guts, but nevertheless classed it as 'an abundant food item' in the

diet of gudgeon, ruffe and perch and on this basis suggested that Corophium may play a

pivotal role in maintaining fish stocks within the canal. Although it is possible that

Corophi urn was more abundant in the canal at the time of their study, this seems unlikely
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since its distribution was restricted by the availability of stable areas of substrate and

subsequent local expansions have been facilitated only by bed stoning. The results of the

present study suggest that Corophium may be rather less important than has been

previously suggested, particularly in view of the fact that roach and gudgeon together

comprise 95% of the fish and more than 80% of the biomass in this fishery.

There appear to be no records from other sources of Corophium in the diet of roach,

but studies in the Lower Rhine and the R.Volga have confirmed its occurrence in the diet

of ruffe and gudgeon (see van den Brink et al., 1993). In Lake Balaton, Corophium is a

major component of the diet of eel feeding in the littoral zone (Biro, 1974) and is also

consumed by perch (Sebestyen, 1934), but represents only a minor part of the diet of

bream (Biro et al., 1990). In Balaton however, Corophium is associated primarily with

submerged macrophytes (Musko, 1989), so may be relatively more accessible to fish.

C4.2.5 Asellus aquaticus

Asellus was a comparatively scarce component of the benthic fauna in stoned areas,

so was not expected to figure prominently in fish diets. It was however, more common in

the guts of perch and roach on 21.09.92 than in the benthos (Figure 5.19). It was found

in a third of the ruffe examined, accounting for 9% of the gut contents by volume but

occurred in only 10% of perch, accounting for a small proportion of the gut contents (cf.

Bergman, 1990). Less than 2% of roach and gudgeon had fed on Asellus, although the

ratio of the total number of Asellus to the number of Corophium consumed was

approximate1y 20 times higher than the ratio between the numbers of these prey items in

the field. Although the energetic value of Asellus and Corophium are probably comparable

in view of their exoskeletons, the larger body size, lack of a potentially protective tube and

greater activity at the sediment surface may enable fish to detect Asellus more easily.

C4.2.6 Chironomidae

During 1992 chironomids were one of the most numerous invertebrate groups in the

canal, especially on stoned areas, where mean densities ranged from 1300m-2 in May up

to 2460m-2 in September. In terms of numbers of animals they were second only to

Ecnomus in the diet of ruffe and were the main macroinvertebrates found in the guts of

roach and gudgeon, especially during the summer when other prey appeared to be in short

supply. Chironomids were also the most numerous macroinvertebrates in the stomach of

0+ perch but contributed, on average, only one seventh of the volume of the gut contents.

Not surprisingly, in view of their abundance in the sediments of waters inhabited by

coarse fish elsewhere, chironomid larvae are well established as a key element of the

animal component of the diet of roach (Hellawell, 1972; Mann, 1973; Persson, 1983c),

gudgeon (Hartley, 1948; Kennedy & Fitzmaurice, 1972), ruffe (Hartley, 1947; Bergman,
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1990) and perch (Goldspink & Goodwin, 1979; Persson, 1983ab; Giles et al., 1990),

their relative importance varying according to the composition of the invertebrate food-

base (Hellawell, 1972).

C4.2.7 Ecnomus rend/us

Little is known of the ecology of this caddis-fly (see Chapter 4: 4.4), although it

may have been recorded previously in fish diets within the general category of

Trichoptera. During the summer, Ecnomus accounted for a similar proportion of the diet

of gudgeon and roach taken over both stoned and unstoned areas, but in the spring and

autumn it only represented an appreciable part of the diet of fish from stoned areas. Total

numbers consumed by roach and gudgeon were similar, but due to the greater contribution

by other items in the diet of roach (mainly detritus), Ecnomus was always a more

significant component in the diet of gudgeon. Surprisingly it was rarely found in the,

stomachs of perch, yet formed the staple item in the diet of Tuffe. The extent of -possible

selection of Ecnomus by cyprinids feeding on either stoned or unstoned areas is apparent

from Figure 5.19. Due to its scraper or facultatively predatory modes of feeding,

epibenthic habit and larger size, Ecnomus may be more readily detectable by fish than

chironomids. During the spring and summer, Ecnomus occurred at similar mean densities

in gudgeon taken over stoned and control substrates. Since the exclusion of fish from the

control substrate did not, however, affect the density of Ecnomus it must be presumed

that fish which contained Ecnomus, taken over unstoned areas, either range freely

between both substrates or other areas of the channel when feeding, consume drifting or

disorientated animals originating from stoned areas or obtain these prey by browsing the

epipelic community associated with steel piling (see C4.2.4).

C4.2.8 Hydracarina

Mites formed a scarce component of the benthos and were correspondingly only

occasionally consumed by fish of all species, roughly in accordance with their availability.

Measurements of calorific content of adult mites (Limnochares) taken by Driver (1981)

suggest that they should offer attractive prey items in terms of their energetic value (5725

cal gDW- 1 compared to a mean of 5225 cal gDW- 1 for a range of invertebrate taxa), but

Egglishaw (1967) found that although free-swimming Hydracarina were readily captured

by salmon (Salmo salar), they were rejected soon afterwards. He suggested this was

caused by the tough exoskeleton and spiny legs which impeded swallowing.

C4.2.9 Pisidium

Pisidium is relatively large and co-occurrs with the tubificids which appear to

dominate the diet of cyprinids in this canal and ought therefore to be easily extractable
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from the sediment by benthivores. Pea mussels however, were rarely encountered in fish

of all species and sizes, although when present, they always made a more significant

contribution in terms of volume than by number, as a result of their size. Although

Pisidium is reported elsewhere to be a minor component of the diet of gudgeon (Hartley,

1948), pea mussels are commonly included in the diet of roach from other habitats

(Hellawell, 1972; Mann, 1973; pers. obs.) and it would therefore appear that in this canal

Pisidium is an unprofitable prey item, possibly due to its indigestible shell and the

additional handling time this entails. An alternative explanation is that Pisidium is less

susceptible to fish predation in soft sediment due to burial below the depth to which fish

can detect or root out prey. At the same time, Pisidium appeared to be unusually scarce

during the year of this study (on average 100m-2 and 225m-2 on unstoned and stoned

areas respectively), so these gut analyses may not reflect its usual dietary importance.

Pisidium was not recovered from roach collected from the North Oxford Canal (P. Smith,

pers. comm.), but conversely was common in roach taken from the Shropshire Union

Canal at Beeston (Staples, 1992).

Since energy expenditure in shell crushing may be expected to be reduced in larger

fish through the increased development of pharyngeal jaw muscles (see Mittelbach et al.,

1992), it is possible that the role of molluscs in fish diet is underestimated due to the small

sample size of much larger fish (>150mm). Other studies have demonstrated that as roach

age they take an increasing number of molluscs, including Sphaeridae (Hartley, 1948;

Hellawell, 1972), eventually specialising on this diet (Niederholzer & Hofer, 1980). Pea

mussels were, however, absent from the gut of three large roach (FL 150-200mm) taken

from the main channel of the Middlewich Branch.

C4.2.10 Terrestrial invertebrates

Terrestrial invertebrates were a minor part of the diet of gudgeon, but formed a

comparatively large part of the animal component of the diet of roach, especially during

the spring and autumn. Although the number of prey items involved was small (mean of

0.22 per fish) terrestrial prey were relatively important in volumetric terms due to the large

size of the Hymenoptera, Hemiptera and Arachnidae, the main terrestrial taxa consumed.

Despite their relatively indigestible chitinous legs, head, and in some groups elytra,

passive terrestrial invertebrates may offer profitable, nutritious prey items for fish due to

their large size, high protein and lipid content and ease of handling. Terrestrial

invertebrates were consumed by both size classes of roach in roughly equal quantities, but

accounted for a slightly greater proportion of the diet of small fish.

Terrestrial organisms formed a markedly larger proportion of the gut contents from

roach taken over stoned areas than unstoned areas. A comparison of mean numbers per
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gut, 0.33 and 0.15 respectively, confirmed that this was not merely a consequence of a

smaller relative volume of vegetable matter in roach from stoned areas. The apparently

uneven utilisation of terrestrial invertebrates by fish taken over different substrates

supports the earlier suggestion (Chapter 4: 4.2.12) that terrestrial invertebrates may be

more abundant in stoned areas because they are retained within the crevices between

stones, rather than drifting freely once they have reached the bed. Since the input of

terrestrial animals via the water surface is expected to be independent of the bed substrate,

the number of these animals taken by fish from either substrate ought to be approximately

equal if fish are picking them from the water surface (Niederholzer & Hofer, 1980;

Persson, 1983; Maitland & Campbell, 1992), although Hellawell (1972) considered

surface feeding to be rare in roach. Since densities of these prey items actually differ

markedly in fish from different substrates, it would appear that most fish are in fact taking

these animals after they have sunk to the bed and been retained selectively on the coarse

substrate. Alternatively, Lerrestrial invertebrates which have sunk to the bed may briefly lie

proud of the sediment surface in stoned areas providing easy prey for fish despite the low

light environment, whereas in soft sandy areas, terrestrial animals may either sink

passively or be quickly buried in the sediment by the frequent boat-induced disturbances,

thus restricting their availability to fish or ease of detection.

The role of terrestrial invertebrates (including the aerial stages of aquatic insect

larvae) in fish diet is well documented (Allen, 1938; Mann et al., 1972; Hunt, 1975). In

systems where there is a low density of benthic invertebrate prey or a scarcity of large

prey items suitable for larger fish, terrestrial invertebrates may form an important

supplementary food source. Management of riparian habitats (eg. timing and frequency of

cutting and disposal of trimmed vegetation) to promote the input of associated terrestrial

invertebrates to heavily trafficked canals may therefore be beneficial (see 4.3).

C4.2.11 Other invertebrate prey

Caenis luctuosa was present rarely and only in ruffe, reflecting the low densities of

this prey item in the field and the high fidelity of niffe for stoned areas. Gammarus pulex

occurred rarely in the stomach contents of perch collected over stoned areas. Gammarus

was a rare and patchily distributed member of the stone-based fauna (perhaps partially as a

direct result of predation by perch) and may be especially susceptible to predation, due to

its high level of swimming activity and tendency to drift. One 0+ perch contained eight

Ceratopogonids which were not found in any other fish examined. This suggests

concentrated feeding within a high density patch of a scarce and strongly contagiously

distributed prey item. A variety of other aquatic invertebrates were recorded singly,

including a planorbid snail, Sialis lutaria (roach), a Coenagrionidae nymph (gudgeon) and

a Sigara sp [Corixidael (perch). These are large, conspicuous animals associated with
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stones or Potamogeton pectinatus and occur at extremely low densities. Since they are

likely to be profitable prey items, especially for large fish, and easily located due to their

large size (Crowder & Cooper, 1982), selective predation pressure will be intense and

numbers will be strongly limited by the availability of refuge space.

C4.2.12 Fish 

All perch larger than 95mm (2+) were exclusively piscivorous on 0+ roach and

gudgeon. Half the perch of this size contained no gut contents and were presumably

therefore either hunting, having evacuated the digested remnants of the previous meal, or

were stressed as a consequence of capture, which may induce regurgitation of ingested

prey items. There was no evidence of supplementary feeding on macroinvertebrates by

perch once they had reached a piscivorous size. This mirrors the observations of Pygott

(1987) and Staples (1992). Consumption of fish by ruffe, reported by Bergman (1991),

was not observed in this study.

Timing of ontogenetic shifts to piscivory in perch are not well documented. Persson

(1986) reported 0+ roach together with macroinvertebrates in the diet of 2+ perch in Lake

Sovdeborg, but from general comments in the fisheries literature a full shift to exclusive

piscivory at 2+, as observed in the present study, appears to be exceptionally early. The

early onset of piscivory in canal perch allows larger fish to exploit an abundant prey

resource unavailable to smaller perch and other species (except perhaps eels) and may

contribute to the sustained growth rate of perch at high traffic densities as reported by

Staples (1992). This premature diet shift is unexpected because intense interspecific

competition from numerically dominant roach has been observed in other studies to retard

the development of piscivory in perch due to a self-perpetuating developmental bottleneck

at the macroinvertebrate feeding stage (Werner & Gilliam, 1984) when growth is strongly

resource limited and consequently very few fish can obtain sufficient energy for

recruitment to the piscivorous stage (Persson, 1983b; Persson & Greenberg, 1990). A

reduction in resource limitation by the removal of roach is quickly followed by recruitment

of piscivorous perch, regulation of residual juvenile roach populations and breakdown of

the bottleneck (Persson, 1986). The incidence of piscivory in canal perch is curious

because it implies that by the end of their second year perch can obtain sufficient large

invertebrate prey to reach the minimum size required to routinely capture and handle small

fish by the time they enter their third year of life. The scarcity of large perch may in part

reflect the availability of the large macroinvertebrate prey resource, coupled with high

mortality of the 0+ perch age class. Clearly perch, which are well known visual predators

(Ali et al., 1977), are able to utilise non-visual cues when hunting in heavily trafficked

canals, where high turbidity must considerably reduce the reactive distance (Vinyard &

355



O'Brien, 1976). The structural homogeneity may however, favour the pursuit and capture

of suitable prey, once located, while the high density of shoaling 0+ roach, especially in

the weeks following hatching, must ensure a high encounter rate with suitable sized prey.

An increase in visual acuity with age, documented for percids (Miller et al., 1993), may

also aid detection of mobile prey in the water column and improve capture rates.

The growth and feeding of perch in canals is presently poorly understood and it is

unclear precisely why existing populations are so small; possible causes include high egg

or fry mortality leading to reduced recruitment, specific spawning requirements such as

macrophyte cover which are rarely fulfilled in heavily trafficked canals, or a currently

small spawning stock of adult fish due to past disease occurrence. A slow continued

natural recovery of perch numbers in canals may be anticipated. These results raise the

possibility of stocking 2+ perch in heavily trafficked canals to restore top-down regulation

of roach populations.

C4.2.13 Detritus, filamentous algae and macrophytes

Many other studies have emphasised the importance of detritus and algae in the diet

of roach populations from eutrophic waters (eg. Hellawell, 1972; Mann, 1973;

Goldspink, 1979; Niederholzer & Hofer, 1980), including heavily trafficked canals

(Pygott, 1987; Staples, 1992). For example in Lake Sovdeborg in Southern Sweden,

algae and detritus accounted for 75% of the total weight of food consumed by the two

dominant age classes of roach (Persson, 1983c). The role of detritus and associated food

in the diet of gudgeon is less well known, due in the past to use of numerical techniques

for gut analysis which concentrated on counting individual animals and largely ignored

detritus (eg. Hartley, 1948). It is also possible that a substantial part of the detritus

ingested by gudgeon is an inevitable consequence of its benthic feeding mode, rather than

a food in its own right. Previous studies have also stressed the role of Potamogeton

pectinatus as a food for roach (Prejs 1978; 1984) as well as other species of fish (eg.

Legner & Murray, 1981). The scarcity of these items in the diet of gudgeon may reflect its

predominantly benthic feeding habit, avoiding the canopy regions of P. pectinatus stands,

which are frequented by roach while browsing the younger more palatable leaf tips.

The ontogenetic and seasonal changes in the dietary importance of vegetable food

are consistent with the results of other studies. An increase in the proportion of vegetable

food in the diet of larger roach and gudgeon appears to be a standard feature of

ontogenetic shifts in cyprinids in eutrophic waters (Niederholzer & Holder, 1980; Prejs,

1984). This is discussed in optimal foraging terms in C4.3.2. Hellawell (1972) however,

noted a decline in the volume of filamentous algae and macrophytes consumed by older

roach, although his age-size categories were broader than those used in this study. The R.
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Lugg. in which his studies were based, is a macrophyte rich habitat and therefore

probably also furnished an abundant supply of large epiphytic invertebrates, absent from

the canal.

A build up in the proportion of detritus and algae in roach during the summer,

similar to that observed here (Figure 5.15), was noted by Hellawell (1972), Goldspink

(1979) and Persson (1983c). This phenomenon has been attributed to an increased

availability of algae at this time (Hellawell, 1972; Niederholzer & Holder, 1980),

combined with an absolute reduction in animal prey, or a relative reduction due to an

increase in the metabolic rate of fish induced by rising water-temperatures and

consequently an increase in intraspecific competition (Persson, 1983c; 1987). This

suggestion is supported by observations of density-dependent feeding on plant material by

roach populations in experimental enclosures (Persson & Greenberg, 1990; Bergman,

1990). Since it has been shown that roach will only intentionally consume algae or plant

material when the availability of animal prey is limited enough to cause hunger (Aldoori,

1971; Lyagina, 1972; Persson, 1982), it can be assumed that in this canal, roach, and to a

lesser extent gudgeon, are most strongly resource limited during the summer. Reference to

the comparative densities of benthic invertebrates during July and October (see Chapter 4)

supports this view. Roach in the Middlewich Branch, however, were distinguished by a

marked relative increase in the proportion of macrophyte tissue in their gut during the

summer rather than an increase in algae or detritus (Figure 5.16). This mirrors the results

of a study of the Needle Fish (Hyporhamptus knysnaensis) by Coetzee (1981), who noted

an increased dependence on Potamogeton pectinatus in the diet during the summer,

especially in older fish. Gudgeon consumed negligible quantities of macrophytes and

filamentous algae and were therefore characterised by a straight increase in the proportion

of detritus in their diet during the summer.

The majority of roach in the present study contained small amounts of coarse sand,

presumably ingested while bottom feeding. Since this appeared to be a general feature it

was not recorded quantitatively. There was no evidence that smaller fish contained

significantly greater amounts of inert substrate, as observed by Hellawell (1972). A

preference among roach for unstoned areas may reflect the relative ease with which they

can ingest detritus from the soft, fine bed, when compared to the more embedded

sediment and less accessible interstitial material in stoned areas. Conversely, the greater

emphasis on filamentous algae in the diet of fish taken from unstoned areas is unexpected,

since unconsolidated sand and silt does not provide a sufficiently stable substrate for the

growth of Cladophora, while a layer of stone was found to be colonised by this alga,

albeit sparsely. Alternatively roach may be browsing the algal film associated with the
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steel piling. Fish exploiting this resource would then be unaffected by the nature of the

benthic substratum.

C4.3 Diet and optimal foraging

In this section, differences in the composition of gut contents between substrates,

sampling dates and size classes and species of fish, are examined in terms of optimal

foraging theory.

C4.3.1 Energetic value  of prey 

If all available prey items are of a constant size, shape and accessibility and occur at

the same density, optimal foraging theory predicts that, in order to maximise energy

intake, production and hence fitness, predators should select the prey items with the

highest energy return on foraging costs and the greatest growth potential which, in this

hypothetical case, would be dictated merely by calorific content, nutritional quality in

terms of protein and lipid content and assimilation efficiency. Published calorific contents

for prey items available in the canal are shown in Table 5.1. When no information was

available for a particular species, values for the nearest comparable taxa have been used.

Calories have been retained as units of energy, since most of the records available are

based on these rather than joules.

The calorific content of Corophium (4000-5200 cal gDW- 1 for C. robustum,

Bortkevitch et al., 1984) is at the lowest end of the range of 3682-6270 cal gDW-1

recorded for other freshwater invertebrates (Cummins & Wuycheck, 1971; Driver et. al.,

1974; Driver, 1981). A similar value was estimated for Asellus. An ash content of 25-

35% in line with other malacostraca (eg. Driver et al. 1974; Iversen & Thorup, 1988)

compared to less than 10% in most soft-bodied taxa, such as tubificids and chironomids,

would contribute towards these lower energetic values. For example, Driver (1981)

recorded a mean calorific content for the North American amphipod Hyalella azteca (a

generally larger species than Corophium) of 3682 cal gDW- 1 , considerably less than the

mean value of 5225 cal gDW- 1 , obtained for a range of taxa and a mean of 5000cal gDW-1

for animal tissue in general, proposed by Richman & Slobodlcin (1960). When corrected

for ash content, the values of 4435-5470 for this species compared reasonably well with

the range of 3705-6693 recorded for a range of invertebrates, thus suggesting that most of

the difference is related to the low energy content exoskeleton. In Corophium and Asellus,

a low energy content per prey item, due to smaller body size and indigestible exoskeleton,

may greatly reduce their attractiveness as prey items for fish, when other high-energy

content prey such as tubificids are available. The silt and detrital tube ofCorophium

may also offer a nutritional 'refuge' from predation, if enforced ingestion of the low

energy value tube containing the prey is sufficient to dilute the energy content of the prey
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FOOD ITEM	 Source gWW g DW g AFDW % % % assimilation
water	 ash efficiency t

Oligochaetes 1,2 760 5137 5500* 84 5 * 80
Hirudinea 1,3,4 5400 5700 85 6 80
Corophium curvispinum 1,3,5 4000* 5000* 75 25 65
Asellus aquaticus 1,6,7 3000* 4300* 75 34 60
Cyclopoid copepods 1 5700 5900 90 3 75
Ilyocryptus sordidus 1 5200* 5700* 90 5 75
Chydoridae 1 5400 5600 90 4 75
Chironomidae 1,3,4,6 600* 5400 5500 85 6 70
Caenis luctuosa 1 7000 80* 5 65
Ecnomus tenellus 1,3 5600* 6200* 85* 10* 70
Coenagrionidae 3 5400 5600 80 10 * 70
Hydracarina 3,4 5725 6700 86 3 65
Pisidium 1 3423 4759 75* 27 75
Terrestrial invertebrates
eg. Hymenoptera 1 4629 ? 85* 65

Diptera 1 5783 ? 85* 70
Coleoptera 1,3,4 5556 6128 80* 65
Hemiptera 1 5638 5767 85* 6 * 65
Arachnidae 1 4825 5531 80* 7 70

Cladophora 1 600* 2120 5170 70* 59 15
Potamogeton pectinatus 1,8,9 3500* 4500* 94 25 35
Debitus Onduchng
microbial Mocul urn)

) )533 4254 66 50

Table 5.1.Calorific contents of prey consumed by fish in the Middlewich
Branch and assimilation efficiency of these prey items by roach.

1= Cummins & Wuycheck (1971); 2= Riera et aL (1991); 3=Driver et aL (1974); 4=Driver
(1982); 5=Bortkevitch et al. (1984); 6= Leuven eta!. (1985); 7=Iversen & Thorup (1988);
8=Kantrud (1990); 9=pers.obs. *=estimate derived from published data for nearest
comparable species or taxa. t estimated from Sorolcin (1968); Elliott (1976); Persson
(1983c); Allen & Wooton (1984); Hofer eta!. (1985).
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itself and place it below a profitability threshold. Conversely, taking into account their

lower water content when compared to soft-bodied, high energy value prey such as

leeches and tubificids, the energy intake per unit wet weight is higher when feeding on

Corophium or Asellus.

In contrast to animal prey, plant matter has a low nutritional value due mainly to its

lower protein content (Menzel, 1959). Nevertheless, plant matter and detritus dominated

the diet of roach in the canal and appears to provide sufficient energy intake for

maintenance and a low rate of growth during years 1-5 (cf. Hofer et al., 1985). In some

lakes cyanobacteria forms an important additional prey item in the diet of roach, being

obtained by benthic feeding (Persson, 1983c). In this study cyanobacteria may have been

overlooked among the large quantities of detritus present in the guts of roach or could

have been naturally scarce in the canal.

C4.3.2 Absorption and assimilation efficiencies of different prey items

Consideration of potential prey items purely on the basis of their calorific content

takes no account of physiological constraints on the energy extractable by fish, measured

as absorption efficiency (ie. the proportion of the total energy consumed by the fish which

is retained and not lost as faeces), nor of the the efficiency with which consumed energy is

utilised for metabolism (assimilation efficiency). The efficiency with which a given prey

item is used depends on temperature-driven changes in metabolic and enzyme reaction

rates and the size of the ration (Elliott, 1976). The overall efficiency for the use of

different food items is largely dependent on the relative proportions of protein, lipid and

carbohydrate and the chemical forms in which they occur. Fish are highly efficient at

extracting energy bound in protein, absorbing over 90% for animal protein and over 80%

of plant protein, with similar or higher digestibilities recorded for lipids, but are less

efficient (30-49%) at absorbing carbohydrate (Brett & Groves, 1979). High overall

absorption efficiencies (70 to over 95%) appear to be typical of carnivores, which

generally consume their prey whole (Elliott, 1976; Allen & Wootton, 1983; Cui &

Wooton, 1989; Kaiser et al., 1993), the highest efficiencies being found for prey with a

low chitin content (Jaeger, 1990). Assimilation efficiencies of 80% for animal prey in

roach (Persson, 1983c) support the predictions of early bioenergetics models (Winberg,

1956). The assimilation efficiency of fish feeeding on vegetable matter is usually poor

compared to animal prey, probably owing mainly to the lower protein content (Menzel,

1959) and the difficulty of breaking down plant cell walls in the absence of independent

cellulase production (Prejs & Blaszczyk, 1977). Consequently herbivorous fish must

consume large volumes of detritus and plant matter, especially during the summer, simply

to cover metabolic requirements, relying for digestion on the milling action of their
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pharyngeal teeth. Assimilation efficiencies for roach range from 35-50% for plant material

(Hickling, 1966; Hofer et al., 1985) to 65% for cyanobacteria (Sorokin, 1968), the latter

being greater, presumably due to a superior protein content. An assimilation efficiency of

50% can also be applied to roach feeding on a mixture of blue-green algae and detritus

(Persson, 1983c).

Hence in this study, roach uiets are composed predominantly (>80% by volume) of

detritus (possibly incorporating blue-green algae), filamentous algae (mainly Cladophora)

and macrophyte tissue (Potamogeton pectinatus) with an aggregate maximum assimilation

efficiency of about 50%, compared to about 80% for animal matter which represents less

than 20% of the food intake. Gudgeon, by contrast, took a roughly equal mix of low

pality plant-derived food and high quality animal prey.

The low nutritional value of plant compared to animal matter is also apparent in

differences in the conversion efficiency of food to body weight. Hofer et al. (1985)

derived an energy budget for roach fed separately on grass and meal worms. These gave

gross growth conversion efficiencies (ie. energetic value of the increase in body weight as

a fraction of the total food energy consumed over a defined time interval) of 8.9 and

46.3% respectively. Similar examples may be found in guides to fish nutrition for

aquaculture (eg. Halver, 1972). In view of the high growth efficiency and growth rate of

roach reared on protein-rich animal prey, their poor growth performance in heavily

trafficked canals, where their diet is predominantly plant based, is to be expected. The

emphasis on a low quality food base comprising detritus, algae and macrophytes is

contrary to the predictions of optimal foraging and therefore implies that fish populations

in the canal, in particular roach, are strongly resource-limited.

The design of the gut and method of digestion in cyprinids provides an explanation

for this dietary composition and its contrast with the wholly animal-based diet of the

percids. As an adaptation to omnivory, cyprinids have an elongated intestine in place of a

true stomach (Kapoor et al., 1975), which prolongs the passage of a food bolus through

the body, thereby increasing the absorption efficiency. Since pepsin and acid secreting

cells are absent, digestion must take place at high pH, but through the complementary use

of pharyngeal teeth to macerate food, roach can achieve assimilation efficiencies for plant

matter comparable to those of African cichlids which use acid lysis (eg. Moriarty &

Moriarty, 1973). However, chitinase, used to hydrolyse chitinous material found in

animal prey, is most active in fish which swallow their prey entire (eg. percids) and its

functioning depends on acid secretion within the stomach (Lindsay, 1984). The digestive

strategy employed by roach and gudgeon may therefore compromise the effectiveness

with which they can utilise animal prey, particularly species with an exoskeleton, such as
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Corophium and Asellus (see Hofer et al., 1985). Ruffe and perch do not macerate their

food, but possess a true stomach, presumably with greater chitinase activity and

consequently can digest malacostracan prey more effectively.

C4.3.3 Digestion rates

Estimates of prey profitability in terms of digestibility should also take account of

digestion rates. Through their influence on gut evacuation time, digestion rates will

determine the length of the refractory period (the return of appetite to a satiated predator).

These may depend on a variety of factors, including temperature, ration, the gastric

environment of the fish, surface area of the meal and its chitin content. In cyprinids,

maceration of ingested food by the pharyngeal teeth will increase food surface area and

thereby accelerate digestion rates. This may be essential to improve the absorption

efficiency of plant cellulose and will enhance digestion of soft-bodied prey items with little

or no chitin, such as chironomids, Ecnomus and tubificids. Hickling (1966) reported that

food items which reached the gut of cyprinids intact were not digested at all. Conversely

the increased efficiency of gut filling with comminuted food may stimulate feeding and

reduce the surface area of ingested food exposed to digestion (Kaiser et al., 1993) thereby

lowering the absorption efficiency (Elliott, 1976). Consumption of prey with a high chitin

content may offer further disadvantages for cyprinids if these prey items accumulate in the

gut for longer than is necessary to extract non-skeletal nutrients and therefore extend the

refractory period. This provides an additional explanation for the use of soft-bodied prey

over malacostracans by roach and gudgeon. In summary, while energetic content and

assimilation efficiency provide a partial explanation for the prey choice of these fish, their

dietary intake is dominated by plant material which is of a lower energy content and less

efficiently assimilated than animal prey. In a low stress, non-resource limited system, this

would appear to represent an energetically suboptimal diet. In a heavily trafficked canal

however, disturbance, physical stress and low resource availability may impose severe

constraints on foraging behaviour.

C4.3.4 Pre-digestive characters

The assumptions of uniform prey size, shape, accessibility and density are clearly

unrealistic, so additional determinants of prey profitability, such as ease of detection,

capture rate and handling time also need to be incorporated. A recent study of feeding

behaviour and diet in the 15-spined stickleback (Spinachia spinachia) by Kaiser et al.

(1993) suggested that digestibility of prey may actually be of secondary importance to

these 'pre-digestive' characteristics. Spinachia appeared to adopt a foraging strategy based

on time minimisation rather than energy maximisation (Schoener, 1971), possibly to allow

greater vigilance during feeding and consequently reduce the risk of predation (Kaiser et

al., 1993). Piscivores are scarce in heavily trafficked canals (density of piscivorous sized
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perch = c.0.05m-2) and high turbidity offers an effective visual refuge for small fish. It is

therefore doubtful whether an equivalent argument for time minimisation during feeding

could be applied to fish in these systems, but in summer the short foraging time slots

interspersed between frequent boat passages offer an alternative explanation for a greater

emphasis on pre-digestive characteristics. On the other hand, it may be during these

periods that disoriented benthic invertebrates swept up into the water column, are at their

most vulnerable to predation (see Gilmurray & Daborn, 1981).

Amphipods occur in the canal at high densities on stone substrate and are

concentrated near the sediment surface. Search time between prey encounters should

therefore be small and detection rates should be high. These animals also appear to

represent compact, conveniently packaged and presumably therefore more easily

manipulated prey items. Ecnomus occupies a similar microhabitat, although in much

smaller numbers, but is significantly more abundant in the diet of fish, especially

gudgeon. Small benthic microcrustacea are abundant at the sediment-water interface, but

may be difficult to isolate from sediment or detritus of low nutritional value. Tubificids

and chironomids dominate the subsurface benthos or inhabit small crevices or silt-filled

interstitial spaces. Their densities are high but detection is potentially more difficult and

search times, amidst a greater depth of inert sediment, seem likely to be greater. Tubificid

worms furthermore, are long and slender and due to their writhing motion may be difficult

for smaller fish to subdue and manipulate. Clearly, if pre-digestive characters are

important factors in prey selection by fish in canals, then a number of inconsistencies need

to be explained.

The tubicolous habit may provide an important spatial refuge for Corophium against

predators, in addition to its possible role as a nutritional refuge described earlier. Walde &

Davies (1984b), for example, found that densities of the chironomid Stempellinella, which

occupies a sturdy tube constructed from sand-grains, were unaffected by the presence of a

predatory stonefly, even at high predator densities, high prey densities, or when other

prey were scarce. Amphipods are conspicuous and animals inhabiting tubes attached to

exposed rock surfaces could potentially be predated by fish simply by grazing the tube and

its occupant. However, in Lake Balaton, Biro (1974) found that male Corophium, which

are more active out of the tube than females, were dominant in the diet of eel. In the

present study, perch, which were the only species to regularly consume significant

numbers of Corophium, only ever contained non-tubicolous animals. A tube may

therefore inhibit detection or capture of Corophium. Juveniles or male Corophium living

in narrow crevices between stones may, in this study, have been relatively inaccessible to

cyprinids hunting over stoned areas, being more easily extractable by perch and ruffe.

Detection of other smaller or scarcer but more active or less well protected epibenthic prey
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items may consequently be relatively more efficient. This may apply especially to

Ecnomus which feeds by scraping algal films on stone surfaces and was selectively

consumed by ruffe. Body shape of prey may also influence selection. Croy & Hughes

(1991) have suggested that small fish in particular may avoid amphipods or other animals

with an irregular profile due to prominent appendages because they are awkward to

swallow. Long, cylindrically-shaped invertebrate prey, in particular tubificids, may well

be more difficult to subdue and manipulate but, once inside the mouth, presumably 'slip

down easily', are easily macerated by the pharyngeal teeth and consequently digested

rapidly. Despite the potential increase in energy expenditure during capture, these prey are

probably more profitable than Corophium and Mel/us which may tend to 'stick in the

throat', are harder to macerate, and together with their high chitin content, are difficult for

cyprinids to digest efficiently. Conversely, terrestrial prey items, which are large, irregular

in shape and often have an extensive area of chitinous covering, form a relatively large

proportion of roach diet, especially over stoned areas where the ease of detection over a

hard bed may be increased. Terrestrial prey may also be attractive due to their high protein

and lipid content, thereby possibly compensating for the increased time costs of ingestion.

Both roach and gudgeon consumed substantial volumes of detritus and, in the case

of roach, fresh plant matter. There was a general shift in both species towards an

increased proportion of non-animal food in the diet of larger fish. In optimal foraging

terms this may attributed to a trade-off between search time and food quality. At high

population densities, fish are confronted by a low availability of high-energy animal prey

items which, with ageing, must be consumed in increasingly large numbers to achieve

satiation. Since the search time between prey encounters is high, especially during the

summer when the availability of animal prey is naturally reduced and the potential for

mutual interference effects are increased, the most profitable strategy would seem to be to

ingest copious amounts of low quality food, ie. detritus, algae and macrophytes, including

invertebrates when encountered in the course of this feeding pattern, though it is not

optimal for capture of them. This is consistent with field observations by Persson (1983a)

that roach generally consume food at a rate close to the maximum observed in the

laboratory and his conclusion that growth rates are therefore determined more by food

quality, especially protein content, than food quantity. Since nutitionally low quality food

is evacuated at a faster rate than high energy food (Jobling, 1980), to maintain satiation,

roach must feed more or less continuously. The dependency on a readily available, inert

food substrate, with minimal handling time, could also be driven partly by density-

independent traffic effects relating to boat induced disturbance, if fish are required to

maximise their food intake during disturbance-free feeding slots separated by boat

passages.
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From laboratory studies, Hofer et al. (1985) calculated that roach fed on fresh grass

would need to consume 7.5 x the volume of food to obtain an amount of utilisable energy

equivalent to that gained by roach fed on meal worms. Hence, despite a diet dominated by

vegetable matter, even the small volumes of animal prey consumed by roach in the canal

may contribute very significantly to their energy budget. The contrasting high cost-high

reward feeding strategy of perch is carried to its limit in older fish through a shift to

consumption of small fish (0+ roach and bullhead in this study) which presumably

represent a highly profitable meal but a high cost in terms of capture, handling time and

refractory period.

C4.3.5 Prey selection and optimal foraging in heavily trafficked canals

Due mainly to the rapid digestion of soft-bodied prey items, it is difficult to

determine the exact extent of prey selection, as indicated by the proportion of different

prey items in the gut of a fish relative to their abundance in the sediment. Amphipods

appear to be largely disregarded by cyprinids on stoned areas of the bed, but the extent to

which this is an active process is questionable if the initial detection rate is itself low.

Optimal foraging relies on the ability of predators to assess and learn, presumably by

association, the profitability of a range of prey items (Charnov, 1976) and to recognise

them in future encounters (Hughes, 1979). Furthermore, prey profitability shifts with

changes in the life-history stage of certain prey (eg. small early instar Ecnomus versus

large late instar larvae or pupae with a high content of easily assimilable lipids), or as

predators become larger or more experienced and their prey repertoire expands or the

histology of the gut changes (Sinha & Moitra, 1975). Hence fish should repeatedly

reassess the value of the prey they encounter. Exposure to a new potential prey item may

lead to increased capture success due to improved prey recognition and the formation of a

positive search image as the experience of the predator increases (Ware, 1971).

Alternatively, this experience may lead to prey avoidance, as might occur with undesirable

prey such as ostracods, which may pass undigested through the gut and therefore

represent a penalty in terms of energy expended and not recovered during prey capture

(Vinyard, 1979). The absence of key stone-associated species such as Corophium or

Asellus from the diet of cyprinids in the canal could therefore be due either to avoidance or

to lack of predator experience. The latter seems highly unlikely since fish had been

exposed to high concentrations of Corophium over a two year period and to lower

densities since at least 1986 and probably much longer (Pygott & Douglas, 1989).

In a heavily trafficked canal, high turbidity due to suspended solid loading may

impair prey recognition and assessment, as these appear to depend primarily on visual

cues such as shape, movement, size and colour (eg. Brooks & Dodson, 1965; Kislalioglu
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& Gibson, 1977; Mittelbach, 1981; Wootton, 1984). The decrease in reactive distance of

planktivorous fish to their prey in turbid water has been well documented (Vinyard &

O'Brien, 1976; Gardner, 1981) and benthivorous fish may be similarly affected. Under

these conditions it is arguable whether roach are foraging optimally, or just fortuitously,

since tubificids, which are the most numerous macroinvertebrate overall and therefore

most likely to be encountered at random, also appear likely to provide a high energy intake

per unit cost. Sampling and assessment of prey items may take place primarily within the

buccal cavity of fish with low tactile acuity, but in hungry fish (hunger may be implied

from the high gut occupancy of low quality detritus and macrophytes), prey rejection

seems very unlikely. In heavily trafficked canals a 'beggars can't be choosers' situation

would seem to apply. Where there is a high density of fish and low density of prey items,

the potential for competition within and between age classes of roach and gudgeon is high

and mutual interference effects may strongly attenuate feeding efficiency. Under these

conditions the most sensible predator strategy may be to simply consume all prey

encountered regardless of nutritional quality, as is practised by hungry predators

elsewhere (eg. Hughes, 1988), or to switch to a more dependable low energy base such

as is provided by detritus, algae and macrophytes. Conversely, perch, which are well

known as visual predators, are evidently able to find and capture macroinvertebrates at the

very high turbidities found in heavily trafficked canals and successfully complete the

switch to a piscivorous mode as they grow larger. This suggests that non-visual cues may

still suffice for prey detection and capture in this species.

In conclusion, roach and gudgeon are best adapted to a diet of mostly soft-bodied

invertebrate prey such as tubificids and insect larvae. Due to low digestion rates, the lack

of a suitable gastric environment for chitin hydrolysis and possibly the increased handling

time or difficulty of detection, Corophium and Asellus are largely ignored. In the presence

of intense competition for high quality animal prey betwen fish of all species, sizes and

ages, roach are forced to consume large quantities of low quality detritus, algae and

macrophyte tissue in order to maximise energy intake and possibly avoid energetically

wasteful extended search times and mutual interference effects. A low quality diet

guaranteeing rapid satiation and loss of hunger appears to be the most effective strategy

but leaves little excess energy over that needed for metabolism and maintenance.

Individual growth rates of young fish (<4+) are consequently low and size and density-

dependent mortality rates create a poulation structure dominated by small fish, mostly aged

�3. Large quantities of vegetable matter appear to be a general feature of the diet of older

roach from a range of habitats (Prejs, 1984) and it is perhaps for this reason that

instantaneous growth rates of older roach in heavily trafficked canals more closely parallel

the national average growth index (1.2), even without the addition to their prey size

spectrum of the large weed-associated prey items normally required to sustain growth in
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fish (Mittelbach, 1983). In less-stressed systems, large weed-associated invertebrates are

also important directly in the diet of older roach and may facilitate partitioning of the

overall macroinvertebrate food resource, thereby reducing intraspecific competition

between age classes. An increased emphasis on animal prey in the diets of all roach taken

over stoned areas in May and September is indicative of prey shortages elsewhere and

increased prey density in stoned areas, although the potential for an increased growth rate

in fish showing a high fidelity for stoned areas is unknown. Despite the heavy reliance of

roach on a diet of detritus and algae, this low cost-low reward strategy (Krebs & Davies,

1978) clearly ensures sufficient energy intake for maintenance and a low rate of growth,

its effectiveness being apparent from the dominant status of roach in this fishery and from

its widely remarked upon competitive superiority in other eutrophic standing waters (eg.

Bregazzi & Kennedy 1982; Persson 1983c).

Gudgeon by contrast are able to maintain a high proportion of animal matter in their

diet, possibly due to their superiority over roach as benthic feeders and their ability to

exploit benthic microcrustacea at the sediment water-interface. Despite a noted tolerance of

turbidity and flow stresses, the growth rate of gudgeon in heavily trafficked canals is still

poor. The potentially positive effect on the growth rate of a higher proportion of protein-

rich animal prey could be offset by a high metabolic rate linked to a need for frequent

reorientation following disturbance of the bed by boat passages. The prevalence of

microcrustaceans, even in large fish, may indicate a suboptimal diet imposed by

interspecific competition with roach. Large gudgeon also displayed a markedly higher

plant-based component in their diet than small fish, suggestive of resource limitation or a

normal ontogenic change in diet, but, unlike roach, there were no differences in the ratios

of animal to plant matter in the diet of fish taken over different substrates.

The percids formed only a small component of the fishery and were exclusively

carnivorous, perch consuming mainly copepods and ruffe mainly Ecnomus and

chironomids but both fish, perhaps as a result of their different digestive system as

compared with that of cyprinids, were clearly also utilising chitin-rich malacostracan prey,

notably Corophium. Despite high turbidity, which is expected to interfere with visual

feeding in perch, larger fish switch successfully to piscivory allowing them to take

advantage of an abundant prey resource which is inaccessible to other components of the

fishery.

C4.4 Implications of stoning for fishery management

Compared with the striking effects of bed stabilisation on invertebrate population

density and community composition, the implications for fisheries management are less

clear-cut. Empirical and published data on dietary composition and observed distributions
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suggest that stoning may be beneficial to gudgeon, ruffe and perhaps perch, due

principally to the greatly increased densities of chironomids and the caseless caddis-fly

larva Ecnomus tenellus. However, roach, the dominant species in most navigable

waterways, appear to be less able to take advantage of the increased density of prey items

offered by stoned areas. Significantly, roach ignored the amphipod Corophium

curvispinum, which predominated on this substrate, although it formed a secondary

component of the diet of percids. There is an additional problem in the interpretation of the

data on gut contents, since the underlying premise, that the substrate over which fish were

captured reflects the area of recent feeding activity, is untested and would be difficult to

confirm.

Studies have indicated that in structurally-complex littoral areas, roach are relatively

inefficient predators (see Jonasson & Persson, 1986) due to the morphology of their

mouth and their feeding behaviour. Low light penetration in heavily trafficked canals due

to high TSS loading may exacerbate this inefficiency. Meanwhile, zooplanktivory, which

normally forms the basis of feeding in smaller roach, but which relies on visual cues, may

be impaired by poor visibility and/or interference with the feeding process by suspended

silt particles. This may force younger roach into direct interspecific competition with more

efficient benthic feeders such as gudgeon, perch and ruffe, as well as intensifying

intraspecific competition between size-convergent age classes. It might seem therefore,

that in heavily trafficked canals, the growth rate of roach would be best improved by

increasing the availability of easily exploited low quality food items such as macrophytes,

filamentous algae or detritus, rather than by manipulation of the benthic invertebrate food

base which seems likely to depend on increased susbstrate stability and complexity.

Greater numbers of the large, profitable, protein-rich animals associated with submerged

macrophytes would be an added attraction. Practical experience suggests however, that

this may prove difficult to achieve without extensive planting or protection of existing

submerged plant beds, unless allochthonous inputs of plant material (Staples, 1992) are

used as a substitute. Meanwhile, roach captured over stoned areas consistently contained a

larger relative volume of animal prey which, although still small, could contribute

significantly to their energy budget. The drift of surplus or wash-disturbed animals from

coarse substrate could also, in the manner of a slow release feeder, increase the general

density of epibenthic invertebrates on adjacent unmodified sediment where they are

probably more easily utilised by roach. The provision of large stable stone faces as a

substrate for colonisation by moss or filamentous algae may also offer a more realistic

route for increasing the availability of plant matter as food.

In the clear, weedy waters of lightly trafficked canals in which roach perform well

(Pygott et al., 1990), large-bodied invertebrate prey items such as snails, Asellus, odonate
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naiads, caddis larvae, Lepidopteran larvae and notonectids are predominantly associated

with macrophytes. These animals may be picked off relatively easily by fish (if only via

direct consumption of macrophyte substrate plus associated animals), due to their size and

the high visibility. Regardless of their individual nutritional value in fish diet, these

animals may be important indirectly as sources of cellulase and consequently as regulators

of the efficiency with which larger fish can assimilate plant matter (Prejs & Blaszczyk,

1977), cyprinids being unable to manufacture cellulase independently. At high traffic

densities, stoned areas of bed apparently provide an adequate macrophyte analogue for

these invertebrates, but, at least under the conditions created in this study, compromise

their availabilty as prey for roach and therefore reduce the profitability of stoned substrate

as a feeding area.

A more accessible presentation of these prey items for fish, while retaining the

features of habitat stability and heterogeneity necessary for such invertebrates, might be

created by constructing a more open-bedded reef-like stone structure. This could be built

using stone of a variety of sizes, but preferably coarser and of more variable texture and

configuration than that employed in this study. These should provide a greater variety of

textures and orientation of faces and therefore encourage colonisation by a diverse range

of invertebrates at high densities. Surplus building materials might be suitable for this

purpose. Stone may be tipped into the canal from a hopper as in this study, but

compaction should be avoided so as to reduce the embeddedness of the stones and allow a

more open stack to form, providing interstitial spaces of variable volume. The larger size

of stone should provide sufficient stability against reflective wave scour. In many respects

this will replicate, on a larger scale, the conditions which have already developed locally

on the towpath side of some heavily trafficked canals due to the erosion and collapse of

the original masonry walling prior to its replacement by steel piling. Clearly, to avoid

interference with boating through damage to hulls, this approach could only be used

within a narrow strip on the offside of the channel on sections where mooring is not

permitted. A reef-like environment would have the multiple benefits of providing

increased attachment sites for aquatic bryophytes (eg. Fontinalis antipyretica

Rhynchostegium riparioides) and filamentous algae, themselves an important additional

source of heterogeneity and a food for larger roach. Stabilisation of more extensive silt

patches by surrounding stones may also create suitable conditions for sustained growth of

Potamogeton pectinatus. Interstitial spaces at the surface of the stone bed may in some

cases prove large enough to be inhabitable by small fish such as bullhead, Cottus gobio

(P. Smith, pers. comm.), stoneloach, Noemacheilus barbatulus, or young gudgeon, thus

providing an additional dimension for niche partitioning. These fish are of no sporting

value but in heavily trafficked canals might provide important prey items for large perch or

eels.
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The enhancement of fish growth rates should not necessarily be seen as the only

goal of habitat modification at high traffic densities. A general increase in habitat diversity

related to the structure of the bed may in itself be of value in the relatively homogenous

environment of a heavily trafficked canal. Stoning on a large enough scale may allow finer

resource partitioning by fish and consequently increase fish species richness and size class

diversity within a given section of canal, thereby possibly improving its appeal to pleasure

anglers. The extent to which stoning would be required to produce a detectable change in

fish sizes or community structure and the time period over which this could develop are

however, unclear and may be financially prohibitive. A more realistic application of this

approach to habitat modification may be to stone short (50-100m) lengths of canal to

provide honeypot feeding areas for larger fish. These may concentrate larger fish and

improve angler success, without necessarily translating to improved fish growth rates.

One of the key assets of heavily trafficked canals used as match fisheries is their physical

uniformity (1.1). The introduction of a marked source of heterogeneity as a result of

stoning, while potentially undesirable to the serious match angler, may not, however,

detract from the value of these lengths as club match fisheries since an element of variation

between the quality of pegs is often considered essential, to compensate for variation in

skill between competing anglers (J. Ellis, pers. comm.). In this case designated lengths

may be managed as dual match/recreational fisheries.

In general terms it appears that a refinement of the stoning treatment used in this

study could make a positive contribution to the value of a fishery, through effects on

substrate stability and heterogeneity and consequently the quality of the invertebrate food

base and the complexity of the channel bed habitat.

3. RECOMMENDATIONS

* The quantity of stone used depends largely on the depth and consistency of the

underlying substrate. This technique is therefore probably best tried in recently dredged

sections of channel or away from areas of high siltation, so as to minimise wasteful sinkage

of stone. Once introduced, stone at the margins appears to be self-scouring and in this

three-year study there was no evidence of loss of habitat due to siltation.

* When using stone smaller than 50mm diameter some compaction is probably necessary to

avoid overspillage into the main channel due to scouring, especially if the bank is hardened

and reflective. Coarser stone or rubble up to the size of bricks may provide a more

heterogenous microhabitat for invertebrates and retain its stability without the need for

compaction.
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* This technique can only be used on the offside bank unless the nearside is declared

mooring-free. The scope for extending any further laterally into the channel is limited by

the depth and position of the silt shoulder. Stone should not be applied in sections of canal

which still support a significant growth of submerged vegetation (>25gDWm-2).

* In the Middlewich Branch, part of the advantage of stoning in terms of invertebrate

populations was dependent on extensive colonisation by Corophium curvispinutn. This

species was not, however, a good indicator of the quality of stabilised bed as a feeding area

for fish.

* This technique may be useful in terms of fisheries enhancement in sections dominated by

roach/gudgeon plus perch and ruffe. It is not advisable in lengths specifically stocked with

large bream or carp which feed by bottom routing, as it will lead to an effective reduction in

areas of soft bed available to these species for foraging.

* Use of coarser material may be preferable as a means of creating a more complex 'reef'

environment with a greater variety of textures and orientation of faces. This should

encourage colonisation by a diverse range of invertebrates at high densities. It may

stabilise the bed sufficiently to allow localised growth of water plants and may also become

colonised by aquatic mosses, thereby adding to the general habitat diversity. Using coarse

material should also permit more effective foraging by larger fish; in this experiment

stoning provided numerous small interstices for invertebrates which were consequently

relatively inaccessible to fish. Larger interstitial space may also prove attractive to smaller

fish (eg. young gudgeon, stoneloach and bullhead) as refuges and feeding areas.

* Stoning long continuous sections of canal is probably not a viable proposition. Stone

should first be applied in 50m strips, before quantifying its effect on invertebrates and the

distribution of fish. If stoned areas prove sufficiently attractive to fish they may function

as 'honeypots' which simply concentrate large fish and improve angler success, without

necessarily translating to improved growth rates.

* Stoning may be appropriate to increase habitat diversity in heavily trafficked canals

managed as match or pleasure fisheries. Stoning is unsuitable for lengths managed

specifically for top level competition angling since it may reduce the evenness of fish size

and distribution by introducing a major source of spatial heterogeneity.

* Restriction of stoning to a narrow zone on the offside bank should minimise losses

during any subsequent dredging. Introduced stone and naturally occurring coarse material
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(diameter 50-200mm) may be recovered from dredgings by screening on site and returned

to the canal to form a narrow strip along the offside bank. Stoning may have general

application in rural lengths with soft banks where mooring is rarely required on either

bank away from designated sites. Stone armouring of the toe of the bank may also play a

supplementary role in reducing bank erosion. The utility of the stoning approach has

already been demonstrated on canals in central Birmingham and may be appropriate on

other urban canals which typically already contain coarse material on their bed in the form

of stones and bricks. Stone from fractionated dredgings could also be used to supplement

external sources of material used for stoning. Naturally conditioned stone will have

acquired a coating of algae and organic matter which are important in the nutrition of some

stone-associated animals and is therefore preferable to sterile material, although this

advantage is likely to be lost relatively quickly.

4. ALTERNATIVE OPTIONS FOR FISHERIES ENHANCEMENT

Management options for fisheries in heavily trafficked canals have been discussed

by Pygott et al. (1990), dealing mainly with the scope for fish stocking. Other options

suggested by the present or other recent work are discussed below. The first deals

specifically with fisheries enhancement via manipulation of stock, while the others involve

general management techniques which might lead directly or indirectly to illaeaStS in

invertebrate numbers and consequently a greater availability of animal prey for fish.

Included here are an assessment of other practices which have been found to increase

invertebrate densities in freshwaters, such as the addition of straw.

4.1 Stock manipulation

The difficulties of providing improved feeding conditions for roach revealed by the

present study support the enhancement of some heavily trafficked canal fisheries through

the stocking of carp, which can apparently perform well under conditions of high turbidity

and disturbance (see Staples, 1992). It would appear unwise however, to increase

biomass density of fish in heavily trafficked canals. Large individuals of benthivorous

species such as carp and bream, which are desirable for angling, are also voracious

predators of chironomids and tubificids and are therefore potential competitors with other

species such as roach. Stocking with specimen fish might be best undertaken in relatively

short pounds which can be easily drained and subsequently netted or electrofished to

reduce the biomass of existing roach stocks.

Periodic culling of small fish by drawdowns or netting (Staples, 1992) might be

used to reduce fish density and encourage compensatory growth of juvenile age classes,
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although it is doubtful whether this could be undertaken on a sufficiently large scale to

have a useful impact on juvenile fish stocks. The possibility of small scale stocking with

eels or 2+ perch as a means of restoring top-down control on roach numbers might also be

explored, although stock availability is likely to be restrictive. A complementary approach

might be to reduce roach recruitment by increasing egg mortality due to predation. In

several lakes into which they have been introduced ruffe have become notorious as

predators of the eggs of coregonids (Maitland & Campbell, 1992) and might potentially

exert a control on the production of roach fry. Since ruffe presently only occur in small

numbers at this and other high traffic canal sites (Pygott, 1987) supplementary stocking

would be needed to be effective. Ruffe however, have a poor esteem amongst anglers as a

sport fish and their presence in large numbers would more than likely detract from, rather

than enhance, the quality of the fishery.

Results of recent work on the effects of zander, a turbid-water piscivore, on the

structure and composition of the fish community in heavily trafficked canals in the

Midlands (Smith, 1993), are equivocal on the issue of compensatory growth in residual

roach stocks. If population regulation is in force then a reduction in the density of 0+ and

1+ year classes might be expected to ease resource limitation and promote growth in

residual fish stocks up to a level where size provides a refuge from further predation.

Conversely, traffic stress may impose an overriding density-independent control on the

system which can only be relieved by modification of the system or direct reduction of the

stress. The overall issue of density-dependency in fish growth is of crucial importance to

the informed management of fish stocks (Wootton, 1990; p.261) and further information

is required on the relative importance of density-dependent and -independent factors in

heavily trafficked canals before detailed recommendations can be made for the

manipulation of their fish stocks.

4.2 Fertilisation of canal sediments

The prevalence of tubificids in the diet of fish in the canal suggests that alternative

approaches to manipulation of fish stocks may be possible. The principal control on the

carrying capacity of tubificids appears to be the organic status of the sediments. Numerous

examples of artificial enrichment of substrate fertility are available, as a result of which

tubificids, among others, have increased enormously in density. Commercial propagation

of tubificids for example, uses a susbstrate of livestock slurry to obtain maximum yields

(Kasprak, 1980) and similar techniques are practised in fish ponds to stimulate

invertebrate production as a means of increasing carp harvests (Hejny & Husak, 1978). A

simple study of tubificid populations and the quality of fisheries in sections of heavily

trafficked canals which receive treated sewage effluent, such as the Staffordshire &
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Worcester Canal, could provide useful information on the relative importance of food

supply and direct traffic effects in determining secondary production.

Other studies have reported the successful use of loose straw added to the bed of

lakes to increase invertebrate densities (mainly Asellus, leeches and chironomids) for

wildfowl. In these cases the main response appears to have been effected through an

increase in substrate stability and heterogeneity rather than a change in substrate fertility

and it is therefore unlikely that the use of straw in canals will produce a significant

improvement on the effects already demonstrated as a result of stoning. Floating straw,

may, in any case, constitute a navigation hazard and would therefore be inappropriate on

navigable waterways, while the increased frequency of disturbance of the bed and the

consequently reduced residence time of straw would be expected to curtail its

effectiveness. In these canals however, the density-independent, direct effects of a high

traffic density may ultimately define the upper limit on invertebrate production, any further

increase in sediment fertility having little benefit beyond a certain threshold.

Simple attempts to locally raise substrate fertility so as to generate profitable feeding

patches for invertebrates are also likely to be thwarted by the dispersal of resuspended

organic matter, unless combined with the use of structures to increase detrital retention.

Current deflectors, which would be suitable for this purpose, are however, precluded

from use in heavily trafficked canals due to possible interference with navigation and in

any case are unlikely to be effective with multi-directional water movements (Chapter 4:

1.1). Slow rates of flow, especially during autumn and winter when the number of boat

movements is very small, may also result in deoxygenation problems which may promote

persistence of leaf packs in some sections of channel until these are dispersed the

following spring by the resumption of boat traffic.

4.3 Management of riparian zone vegetation

Alternative methods for alleviating the limiting effects of low organic matter

concentrations in canal sediments include planting of deciduous trees along the offside

bank or encouraging the growth of overhanging rank vegetation along the towpath verge

and on the offside of the canal, so as to increase allochthonous detrital inputs. Planting of

evergreen trees and shrubs such as holly may be also be beneficial as a means of

providing a more staggered input of leaf litter throughout the season which might serve to

reduce mid summer food limitation. Evergreen leaf litter however, tends to be highly

refractive due to a thick waxy cuticle and transfer to detrivore food chains might therefore

be slow. Mown bankside vegetation could be left in situ to be blown into the canal

(Staples, 1992). These practices may additionally promote the input of terrestrial

invertebrates, which, in the absence of large weed-associated animals, may provide a
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valuable food supplement especially for large fish. Previous studies (eg. Mason &

MacDonald, 1982) suggest that sycamore (Acer pseudoplatanus), which harbours very

high numbers of terrestrial unvertebrates, would be particularly useful in this respect.

Sycamore leaves are also rapidly conditioned by fungi and decay quickly so are likely to

prove attractive to detritivores
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CHAPTER 6

Discussion



1. INTRODUCTION

The value and potential of the British canal system as a nature conservation and

recreational resource is beyond doubt (British Waterways, 1986; Hanbury, 1986). This

chapter discusses the relevance of the present research, in conjunction with other recent

work on canal ecology (Pygott, 1987; Harris, 1988; Staples, 1992), in providing a

scientific basis for the management of this resource for nature conservation and

fisheries and its integration with existing management options.

In the absence of a natural disturbance regime, ecosystem management on canals

may be regarded as the regulation of anthropogenic sources of density-independent

mortality in the form of boat traffic, or, where this is inadequate, direct management

intervention, by, for example, dredging, herbicide application or mechanical

harvesting. The relative importance of these agents of disturbance changes with

increasing boat traffic. Light boat traffic affects aquatic vegetation directly via

mechanical damage associated with propellor or hull impacts or indirectly via wave

action and uprooting (Chapter 2). Hence, as traffic increases, a large, infrequent

disturbance event (ie. direct intervention) is gradually replaced by a series of small,

increasingly frequent disturbances which are of similar overall intensity (size x

frequency) at about 1000-1500mhy (Chapter 1). At this point the disturbance effects of

the boats themselves are adequate to maintain the aquatic plant community in a state of

permanently low biomass without additional curbs on production. Further increases in

boat traffic lead to increased turbidity, multidirectional wave action and frequent

disturbance of the bed. Boats therefore shift from being a source of density-

independent mortality, in which existing macrophyte biomass is destroyed

indiscriminately, to a source of stress under which the production of potential biomass

is suppressed.

At much higher traffic densities, management is required specifically to deal with

the stress to the system itself, in the forms of bank erosion and siltation and to maintain

the integrity of the channel specifically for navigation. Management inputs at this stage

may either compound traffic effects on vegetation or may mitigate them. For example,

the use of steel or concrete bank hardening to prevent bank erosion eliminates shallow

marginal areas suitable for emergent vegetation and diverts wave energy into scouring

of the bed. The alternative of revetment of margins, exclusion of grazing damage by

bankside livestock and reestablishment of marginal vegetation, provides an

environmentally sensitive approach to bank protection and a valuable and visually

attractive habitat feature (see review by Brookes & Hanbury, 1990).
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VEGETATION
CONTROL

MANAGEMENT
OF TRAFFIC
IMPACTS, EG.
EROSION

'ideal' disturbance
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TRAFFIC

2000	 4000	 6000	 8000
Traffic density

MITIGATION

Figure 6.1. A simple model to illustrate the relationship between
traffic density, disturbance intensity and management.
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Father research (Murphy, 1980; Pygott, 1987) has identified a traffic density of

C. 2000mhy as ideal in terms of minimising multi-user conflicts, since it maintains a

state of high species richness, a moderate standing crop which is compatible with

recreational boating, a high quality pleasure fishery, statutory objectives and nature

conservation aspirations (Chapter 1). Specifically from a nature conservation

viewpoint, this value might be lowered to take into account the apparent sensitivity of

some scarce species and to maximize diversity. It now appears that additional factors

such as bank profile, depth characteristics, livestock activity, management history and

potential for non-linear traffic generation should be taken into account when setting

traffic limits (Chapter 3). Practical constraints such as water supply will also be a

contributory factor on some canals. Erring on the side of caution in favour of nature

conservation, a traffic density of 1000mhy may be regarded as an ideal state which is

not unduly restrictive of other recreational uses.

If a traffic density of 1000mhy is regarded as an ideal disturbance regime, all

other states may be considered in terms of a deviation from this ideal, as summarised

by a simple model (Figure 6.1). This provides the context for the present research.

Three zones may be recognised, viz. underdisturbance, threshold and overdisturbance.

At low traffic densities (ie. <1000mhy), disturbance must be 'topped-up' by direct

intervention to achieve an ideal biomass. At ±1000mhy a non-interventionist strategy

dependent on the passive management effects of the boats themselves should largely

suffice. With further increases in traffic density, backwater areas might be considered

as a means of perpetuating fragments of macrophyte-rich communities while at very

high traffic densities the maintenance of diverse aquatic plant communities is no longer

a realistic goal and alternative objectives must be sought. Management of navigated

waterways for nature conservation and fisheries may thus be viewed as a progression

from vegetation management through regulation of traffic at an ideal density to

mitigation of traffic effects at very high traffic densities.

Table 6.1 is used as a framework for this discussion. This summarises the

changes which occur in the channel vegetation with increasing traffic density. The

illustrations are based on the general findings of Pygott (1987), refined to take into

account differences in response related to channel cross section, derived from

observations made during the present study. Nature conservation value is given in

relative terms, based on a starting assumption that conservation of aquatic plant

communities takes priority over emergent plant communities, that monodominant

stands of any species, native or introduced, are undesirable and that high community

diversity is preferable to a single type of vegetation. Obviously such a system cannot
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take account of regional variations in the status of different species and, as with any

evaluation system, incorporates an element of subjectivity. Other aspects of these canals

such as fisheries quality, management problems and potential solutions are covered in

the bottom half of Table 6.1.

2. MANAGEMENT

2.1 Untrafficked canals

Control of excessive vegetation in canals has been covered in detail by Murphy

(1980) (see Chapter 1). Hence only brief advice is given here relating specifically to

nature conservation objectives. Additional information is available in the form of results

of mangement trials conducted in other artificial systems such as ditches and drainage

channels. Although management operations such as dredging are invariably directed

specifically towards the control of vegetation to remove obstacles to flew and

navigation, brief bursts of traumatic disturbance followed by a recovery phase often

appear to be beneficial to the maintenance of diverse aquatic plant communities

(Thomas, Grose & Allen, 1981) and the conservation of a number of rare species such

as Callitriche truncata (Wade et at., 1986) Luroniurn natans (Harris, 1988; Willby &

Eaton, 1993), Hydrocharis morsus-ranae (Paskell, 1979; Murphy & Eaton, 198 lb;

Wade & Edwards, 1980) and a range of pondweeds, notably Potamogeton compressus

and P. trichoides (Lousley, 1976; J.D. Briggs, pers. comm; pers. obs.). These species

appear to occupy an ephemeral pioneer niche; following disturbance they re-establish

rapidly, either from a persistent seed bank or from vegetative propagules such as

turions and rhizomes, or through recolonisation from adjacent undisturbed sections, but

in the latter stages of succession are displaced by more competitive elodeids and

reedswamp. Appropriate conservation measures are largely intuitive and include

rotational dredging, preferably moving upstream, so as to maintain a series of recovery

states and reservoirs for recolonisation, or selective dredging within a length as a means

of retaining small stands of species with a limited distribution, or to accelerate

recolonisation by a range of species. These and related matters are covered by Newbold

et al (1989). Dredging of sites managed specifically for nature conservation, such as

side arms, is inclined to be over-cautious (Briggs, 1989). Skim-dredging, ie. the

removal of vegetation cover plus the upper layer of sediment, is likely to be counter-

productive, since it removes the inhibitory effects of soft, anoxic sediment and thus

encourages very rapid re-growth of Glyceria maxima from buried rhizomes (Harris,

1988). Thorough dredging, subject to the above provisions, is therefore recommended.
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2.2 Lightly trafficked canals

In the critical traffic range from 500-1500mhy, plant species diversity is generally

high but traffic-sensitive species may be removed from the channel, while aquatic plant

biomass is progressively reduced. To prevent futher deterioration of these

communities, it may be necessary to limit boat traffic, either by granting only a limited

number of boat licenses if the canal is operated by a private navigation authority (eg.

Basingstoke Canal) or by restricting lockages. Sidewaters in this traffic range vary

widely in character, depending on characteristics such as depth, bank profile, boat

usage and shading, but broadly conform to the rationale that fragments of a flora

characteristic of disused canals can be preserved in sheltered sites on navigated

waterways. Sidewaters designated as boat-free refuges and managed as offline reserves

may therefore make a positive contribution to nature conservation within this traffic

range and are pertinent to conservation planning on recently restored canals.

Undisturbed sidewaters undergo shallowing due to siltation and autochthonous

infilling. Given a favourable bank profile, they are therefore usually extensively

colonised by emergent vegetation. This may be acceptable where the main-channel is

steep-sided and tall emergent vegetation is consequently excluded. Gently shelving

margins also provide a niche for a large diversity of herbaceous species characteristic of

marshy habitats, which are relatively restricted in the main channel. Encroachment of

reedswamp, however, leads to loss of open water areas and displacement of the

submerged and floating-leaved vegetation which is more sensitive to traffic effects and

must be regarded as the main conservation priority. Deep sidewaters with steep sides

may be preferable at light traffic densities, because the development of marginal

vegetation is naturally suppressed, resulting in a long-term stable vegetation. The

alternative in shallow, soft-banked sites is periodic dredging to restore the open water

phase.

Open water sites are likely to retain free-floating species, such as members of the

Lemnaceae which are highly susceptible to multidirectional water movements associated

with boat traffic. Other potential beneficiaries are Hydrocharis morsus-ranae and

Stratiotes abides, although it is questionable how much conservation significance

should be attached to these two species since almost all canal populations undoubtedly

originate from introductions. Fragile submerged species such as Hottonia palustris

might also be conserved effectively in sidewaters. On canals scheduled for restoration,

submerged plants should be transplanted into sidewaters well in advance of channel

maintenance operations to ensure successful establishment. Relatively simple

techniques were found to be effective on the Montgomery Canal for transplanting a
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range of species including Hottonia palustris, Luronium nut= and Potamogeton
praelongus (Briggs, 1988; Harris, 1988).

Submerged plant biomass in open water areas of sidewaters is usually higher than

that in the main channel, but is mostly represented by fast-growing elodeids such as

Elodea nuttalii and Ceratophyllum demersum, which are vulnerable to mechanical

damage by boats and establish dense stands only at low traffic densities. From a

botanical conservation perspective, these species are undesirable since they are likely to

displace rarer species with a high dependency on canals, such as Luronium natans or

Potamogeton frichoides. However, they appear to harbour very large populations of

gastropods, especially planorbids, plus high numbers of leeches, coenagrionid

nymphs, leeches and Asellus, as well as dense populations of weed-associated

cladocerans such as Simocephalus vetulus and Etnycercus lamellatus. Consequently

some sidewaters may be profitable nursery sites for the fry of species such as tench,

which show a preference for densely weeded habitats (Wright & Giles, 1991) and may

also provide a reservoir of large macroinvertebrate prey accessible to larger fish
cruising the edges of weed-beds.

Although canal restoration revitalises aquatic habitats, a major objection from

conservationists is the enforced removal of the wet mud and very shallow water

habitats characteristic of the sustained low water levels associated with prolonged

abandonment. Species found in this habitat are often widespread pioneer species such

as Ranunculus sceleratus, but may also include scarce species, atypical of canals, such

as Alopecurus aequalis, Polygonum minus and Elatine hexandra. At light traffic

densities, large shallow sidewaters may retain this niche after restoration of the main

channel and thus enable these species to persist, after transplanting if necessary.

Periodic drawdowns over winter to enable maintenance work to the main channel are

liable to expose extensive areas of damp mud in sidewaters and may stimulate

recruitment of these species from a buried seed bank.

The view that natural communities, especially in artificial sites, are re-creatable

elsewhere and therefore ultimately expendable, is an argument familiar to

conservationists. The untested potential to conserve a main-channel flora in adjacent

sidewaters has been used to promote the restoration of a number of canals long

renowned for the diversity of their aquatic flora and this strategy seems likely to figure

increasingly in plans to promote greater use or restoration of currently derelict or little -

used waterways. The results of the present research suggest that expectations of the

effectiveness of sidewaters as a technique for conserving a diverse aquatic flora are

generally over-optimistic. The most diverse and productive submerged and floating-



leaved plant communities are associated with undisturbed sites with clear water,

conditions which are almost exclusive to traffic densities below 2000mhy. While it is

relatively easy to restrict the use of sidewaters by boats, turbidity in sidewaters at high

traffic densities is a serious problem which can only be overcome by elaborate site

designs, incorporating silt traps or screens, isolation of the site from the mainline using

gabions, earth bunds or steel piling or by the selection of sites such as long, narrow

arms which are naturally well buffered from the influence of the mainline. Where traffic

densities are scheduled to exceed 2000mhy, proposals to conserve low traffic floras in

sidewaters, which do not meet these requirements, should therefore be viewed with

caution.

Habitat creation on land adjoining a canal may be used as an alternative, to

compensate for loss of habitat associated with increasing boat traffic. This approach is

attractive since ponds are rapidly colonised and, if material is transplanted between

sites, can soon acquire the appearance of a mature, species-rich, canal-like habitat.

Creation of new aquatic habitats or adaptation of existing ones has been made easier,

though not necessarily cheaper, by the use of new mechanical excavators and the

development of heavy-duty plastic or butyl liners complemented by a growing pool of

enthusiastic voluntary manpower. Several practical guides are now available which

provide detailed advice on techniques for aquatic habitat creation (eg. Brooks & Agate,

1981; Newbold et al., 1983; Lewis & Williams, 1984; Baines & Smart, 1991).

Creation of alternative habitats may be most realistic under the guise of canal restoration

projects which obtain compulsory land purchase powers. Small, low quality parcels of

land enclosed between the canal and other linear features, such as railways or roads,

may be most appropriate for this purpose. In some cases it may be possible to link

these sites to the canal via diversion of lock bywash channels.

It is essential to recognise that a major element of the botanical interest of canals is

attributable to an artificial disturbance regime of intermediate intensity and that if the

disturbance produced by boat traffic is withdrawn altogether, disturbance from direct

intervention such as dredging or weed harvesting must be implemented to maintain the

source of interest. The effects of failure to do this are classically demonstrated by sites

such as the Guilsfield Arm and the Prees Branch on the Shropshire Union Canal

system. Use of land-based machinery may also prove strategically difficult without

damage to bankside habitats. A practical alternative, which appears to be effective at a

range of mainline traffic densities, is to promote the development of disused sidearms

as long-term private moorings which will generate a very light traffic compatible with

conservation objectives.
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In conclusion, the potential for sidewaters to make a significant contribution to

nature conservation on canals appears to be limited to a rather narrow window of traffic

densities in the range 500-1500mhy, possibly extending as high as 2000mhy. At a

general level it would seem that the conservation of a channel-based flora is best

accomplished in channel-like sites. Side arms and basins are therefore to be preferred as

offline reserve sites, although restriction of mainline traffic densities to <1000mhy is a

superior option wherever possible. Unfortunately, this may prove difficult to justify

where the commercial viability of a restoration scheme is dependent on attracting an

ecologically damaging density of boat traffic. Renewed or increased navigation on

derelict or little-used canals therefore raises difficult issues for which there appear to be

no easy solutions, sidewaters included.

These canals offer attractive pleasure fisheries with plentiful large tench and

roach, in addition to pike and perch, subject only to the occasional problem of

dissolved oxygen sags and disruptions to angling by nuisance weed growths. These

canals are unsuitable for large competitions and thorough raking of swims will be

required if they are to be used for club matches. This, together with a light traffic, may

be beneficial if it serves to create cruising channels between different areas and

improves access for fish to the interior of weed beds, effects analagous to those

produced by grass carp when used for vegetation control in unnavigated canals

(Petridis, 1990). The manipulation of structural complexity forms an integral part of

fisheries management; light boat traffic appears to offer a non-interventionist means of

creating an intermediate complexity of macrophyte structure underwhich growth and

feeding efficiency of fish is optimal (Crowder & Cooper, 1979) and biomass of fish

and the quality of the fishery are naturally high (Caffrey, 1993). Carp or bream angling

is wholly irreconcilable with nature conservation objectives (Chapter 3: 4.3.7) and

stocking either of these species in this type of waterway is strongly discouraged. The

temptation for illegal introduction is unavoidable, but may be minimised by ensuring

adequate availability of other waters nearby, managed specifically for these species,

such as heavily trafficked canals and canal reservoirs or, if necessary, by stocking

sidewaters which can be sealed off from the main channel.

2.3 Critical traffic densities
The traffic range 2500-3500mhy appears to represent a transitional stage of

ecosystem decline, with a variable response to traffic which is influenced by the cross

sectional characteristics of the channel. It is clear that some soft-banked canals in this

traffic range support good pleasure fisheries and diverse macrophyte communities of
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regional importance. A priority here is to minimise the damaging effects of boats and to

use ecologically sensitive techniques to repair this damage, wherever possible. Further

increases in traffic may be discouraged by means of selective advertising and

marketing, or by judicious siting elsewhere of marinas, hire bases, mooring points or

essential facilities such as drinking-water supplies or Elsan pump-outs.

A simple step to curb the damage caused by existing traffic is the improved

education of boaters regarding the effects of speeding, combined with rigorous

enforcement of speed restrictions and stiff financial penalties for offenders. Wave

height and the potential for erosive wash increases exponentially above a certain traffic

speed, which is dependent on the blockage factor (ie. the ratio of craft cross-sectional

area to the cross-section of the channel) (Garrad & Hey, 1988). Consequently small

deviations above the legal speed limit of 4 mph may greatly increase bank erosion.

There is also a need to restrict mooring to designated areas so as to avoid erosion of

soft banks, directly or by damage to the vegetation cover. The use of vertical bank

hardening to curb erosion, while highly effective from an engineering viwepoint, is

visually intrusive and results in the reflection of wave energy back into the channel,

where it is expended in eroding the bed. This may be the basis for the apparent fragility

of aquatic vegetation in steep-sided canals when exposed to high traffic densities. The

absorption of wave energy by soft, reed-fringed banks appears to minimise the

influence of secondary boat wash (see Bonham, 1980), while providing an aesthetically

pleasing habitat feature. Consequently the use of reinforced vegetative bank protection

to reinstate eroded banks is strongly advocated and it is recommended that there is a

presumption in favour of this or more recent related techniques (eg. coir matting)

wherever possible.

In this traffic range and above, sidewaters may be utilised either for ecological

enhancement or as a means of spatial zoning to resolve multi-user conflicts, although

they are unlikely to sustain significant amounts of submerged vegetation as a result of

increasing turbidity, substrate effects, siltation, boat use and in some cases bioturbation

or herbivory by fish. Consequently some sidewaters should be managed with a view to

habitat provision and organic enrichment of the mainline through the encouragement of

tall stand-forming emergent vegetation. Typha and Phragmites are preferable to

Glyceria maxima, since they have a more open structure and retain areas of shallow

standing water around their bases, which provides habitat for invertebrates and nursery

sites for fish fry. This also improves the export of litter to the main channel, which may

lead to enhanced benthic production. Glyceria maxima rafts sterilise sidewaters and are

undesirable aesthetically, though they are copious producers of easily decomposed litter

(Wheeler & Shaw, 1991) and may stimulate invertebrate production. The scope for
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actually manipulating the composition of emergent vegetation in sidewaters, for

example by introducing selected species in the wake of dredging, may be worthy of

evaluation.

Fisheries in this traffic range appear to support a range of species, including tench

and pike, in addition to roach (Pygott et al., 1990) and should be marketed for mixed

pleasure angling. Interventionist stocking is likely to be of little merit and may prove

counterproductive where it intensifies predation pressure on a diminished prey

resource. Attention should be given to minimising traffic effects and maintaining habitat

diversity as described above. The progressive recovery of perch populations has

potentially important implications for these fisheries. In an environment not subject to

intense, potentially overriding density-independent traffic effects, the likely reduction in

numbers of juvenile roach by piscivorous sized-perch may result in compensatory

growth and a gradual increase in the number of large fish over time.

The balance of evidence strongly suggests that fish will concentrate in sidewaters

on navigable canals, if only to avoid disturbance from boat passages. The designation

of some sidewaters as boat-free may improve their refuge value for fish and may be an

effective means of accommodating anglers who frequently complain of disturbance

from boat passages when fishing the mainline (Pygott, 1987). Naturally weedy

sidewaters are rare in this traffic range and may therefore be crucial as nursery sites and

habitat for both fish and larger macroinvertebrate prey. These sites should be identified

to prevent deterioration likely to result from increased use for boat manoeuvering or

unsympathetic management such as excessive dredging or weed clearance (Eaton &

Freeman, 1982) or hardened bank protection.

2.4 Heavily trafficked canals

The increase in turbidity and reduction in structural complexity at very high traffic

densities are reminiscent of the symptoms of eutrophication, but are associated with a

reduction rather than an increase in productivity (Staples, 1992), reflecting the primarily

inorganic nature of the turbidity, combined with the mechanical effects of boat

passages. Traffic on these canals is established at densities far in excess of those at

which simplification and destructuring of the ecosystem are first detectable and to

produce major ecological gains, reductions in traffic would be required on a scale that

is economically and politically unacceptable. While reductions in weekly traffic during

the summer would also considerably ease both the management problems and the acute

ecosystem degradation associated with very high traffic densities, it is difficult to

impose temporal zoning upon a recreational activity such as pleasure boating, for which
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there is understandably a highly seasonal demand, without resorting to quotas.

Temporal zoning has been operated successfully on some inland waters, such as gravel

pits and reservoirs, which are used extensively for formal water-based recreation, but

also host large concentrations of wintering wildfowl. In such instances however, this

approach is made easier by the most critical period for wildfowl being in winter, when

recreational demand is least.

Traffic impacts are likely to be reduced by enforcement of speed restrictions, but

benefits may be difficult to demonstrate on the most heavily used waterways, where

there is a virtually constant procession of boat traffic during the summer. A longer-term

measure is to introduce an 'environment-friendly' hull, to replace present designs based

upon traditional narrow-boats. The traditional design was originally -intended for

commercial freight carriage with an operating speed of 4mph, but is inefficient when

used for recreational purposes, which involve a comparatively light load and cause the

boat to ride high in the water, resulting in a wash even at normal operating speeds. At

speeds greater than 4mph, albeit illegal, wash becomes excessive due to the

exaggerated squat at the stern of the boat. This leads to increases in bank erosion,

siltation at channel margins and resuspension of fine mineral particles into the water

column. Several prototype hull designs have been built with the objectives of

minimising resistance to water flow and reducing wash. A V-bottomed or hard-chine

hull allows a smooth clean flow of water past the hull, mostly underneath the boat, and

evens out the rate of energy dissipation from the boundary layer to the surrounding

water, thus reducing turbulence at the stern (IWAAC, 1983). A more recent design,

the Ostec hull, incorporates a rounded, vertical stem at the bow and a reshaped stern

which, it is claimed, together result in a significantly reduced bow wave, a slightly

reduced stern wave and markedly less disturbance of the canal bed, as well as reduced

fuel consumption (Billingham, 1993). Since it is impractical to demand modifications to

existing narrow boats, the benefits of a low-wash hull design will ultimately depend on

its voluntary adoption by boaters, boat-builders and especially hire-fleet operators,

since these are the primary generator of summer recreational boat traffic. Incentives,

such as reduced licensing fees, might be made available to encourage this. With a long

replacement time on existing craft due to the cost and durability of steel-hulled boats,

the introduction of the new hull design can only be expected to make a gradual

contribution to the reduction of traffic effects over the years ahead.

Partial relief from traffic effects is likely to be achieved by increasing the cross-

sectional area of the channel by dredging to a new or the original profile, thus reducing

the blockage factor and effectively diluting the traffic density in terms of mhy. There is

good evidence from field observations that in wider and deeper sections of canal, the
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effects of a fixed level of traffic are less severe, although a more exact understanding is

needed of the relationship between channel cross-sectional area and the disturbance

produced by the passage of a boat. While it is rarely feasible to increase channel width

(other than locally by restoration of sidewaters), there is considerable potential to

increase channel depths by removing silt from the bed, through a revised and expanded

dredging programme. This ought to also expose a more stable substrate which is less

prone to resuspension and offers improved anchorage for rooted vegetation.

Unfortunately financial constraints, problems over disposal of dredgings, particularly

from contaminated urban locations, and licensing of dredging tips required under a

recent amendment to the 1974 Control of Pollution Act, have led to a current dredging

deficit. There is also an understandable reluctance to dredge back to or beyond the

original clay puddle, particularly on embankments, since this may threaten the integrity

of the channel.

In the short term, mitigation of traffic effects should form the basis for ecological

enhancement of heavily trafficked canals. Canal banks along many sections of channel

are now extensively engineered thus ruling out the possibility of using vegetative bank

protection. Elsewhere vegetative bank protection can probably make the single most

significant contribution to habitat enhancement. Inputs of emergent plant litter should

lead to increased sediment fertility and thus locally stimulate invertebrate production,

while reed stands themselves provide an important refuge for invetebrates (Staples,

1992). As a practical measure to prevent deterioration of existing reed stands by grazing

or trampling, watering points should be provided for livestock and hardened pitches for

anglers, where necessary.

Heavily trafficked canals with vertically hardened banks represent the ultimate in

ecological impoverishment. Secondary wash caused by the reflective nature of the bank

compounds the effects of boat passage resulting in elimination of submerged vegetation

and, together with the bank profile, prevents establishment of emergent vegetation.

Extensive colonisation by Corophium curvispinum reflects the invasibility of these

systems, a common characteristic of disturbed environments (Hobbs & Huenneke,

1992). Here, even the most traffic tolerant organisms, ranging from Potamogeton

pectinatus to gudgeon, are adversely affected and mitigation attempts undertaken

without gross physical changes can be expected to yield only modest results.

Furthermore, the nature of the channel and its function impose severe practical

constraints on these attempts. These canals have little to offer informal users in terms of

natural landscape value, but still form an important angling resource, despite poor

growth rates of fish. Improvement of these canals as combined match and pleasure

fisheries should be regarded as the primary goal of enhancement attempts, with



restoration of growth rates of juvenile roach as the specific requirement. Suitable

techniques may be considered in a bottom-up and top-down framework ie.

manipulation of the invertebrate prey base, either directly by habitat provision, or

indirectly via increased organic inputs, or manipulation of the composition and size of

the stock itself. Both techniques aim to increase the prey-to-predator ratio or the

profitability of the prey resource.

On these canals, reed-filled redundant sidewaters may form the only sites with

soft banks and are likely to be a useful source of autochthonous detritus and displaced

invertebrates which may directly or indirectly increase food availability for fish. Other

options for increasing the supply of organic matter include tree planting along the

offside margin or the addition of cut bankside vegetation after mowing (Staples, 1992).

Both of these will also contribute large numbers of terrestrial invertebrates, which may

prove a valuable food supplement in the absence of traditional macrophyte-associated

prey. Direct enrichment of heavily trafficked canals by organic manuring, addition of

superphosphate ferilizers or direct fish feed, as is practiced in stew ponds for

commercial carp production (see Dylcyjova & Kvet, 1978), is unlikely to ever prove

acceptable or feasible, although angler ground-bait or hook bait may itself contribute

significantly to energy budgets and its role would repay further study.

There is little doubt that increases in macrophyte cover would themselves be

beneficial, either in providing a direct food source via herbivory, or for sustaining

larger invertebrate prey items such as Asellus, odonate nymphs, Nymphula or various

gastropods. Potamogeton pectinatus is the only species of macrophyte able to persist in

turbid canals at high traffic densities, but stands produced in May and June, which

develop into quite dense, potentially useful patches, are decimated by high traffic

throughout July and August. Simple measures to protect these plant beds, such as

shutter boarding, while effective, are unlikely to be practical other than on a very small

scale. Simple anti-wash barriers placed at water-level across the mouth of hard banked

but redundant sidewaters may be most successful.

Substrate stabilisation using stone provides a surrogate habitat for a diverse plant-

associated fauna, and appears to offer an effective and more realistic opportunity for

improving structural complexity. A zone of stoned substrate along the offside bank

attracts a wide diversity of mostly epibenthic animals, notably malacostracans,

chironomids and the caseless Trichopteran Ecnomus tenellus and may in time become

colonised by mosses and filamentous algae. The provision of stable substrates and

novel food sources increases functional diversity and promotes a more structured

benthic comunity. This additional habitat may accommodate several species of fish of a
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range of size classes due to the varied composition and broad size spectrum of the prey

resource and the physical heterogeneity of the habitat which promotes niche

diversification. Stoned lengths may function as honey-pot feeding areas for fish and

may enrich the supply of nutritionally-superior prey in surrounding unstoned areas.

Stable substrate may increase angler success and could ultimately contribute to

improved fish growth rates. Stoning using building waste or coarse material recovered

routinely from dredgings may offer a cheap and effective option for small scale habitat

enhancement on these canals.

An increased prey-to-predator ratio may also be achieved by a reduction in the

density of juvenile fish, either via deliberate culling or by increasing the number of

piscivores. Culling may be attempted by drawdowns or netting (Staples, 1992), but is

likely to be effective only in relatively short pounds which can be stop-netted and

thoroughly drained. Increases in perch numbers, either by natural recovery or

interventionary stocking, could restore top-down controls on numbers of juvenile

roach. Zander, a superior piscivore in turbid waters, should have similar or more

pronounced effects; deliberate introduction of this species will always be a contentious

issue while its ecological effects are not fully understood. The current natural or angler-

mediated rate of spread of this species in Midlands canals (Hickley, 1986; Smith, 1993)

implies that, irrespective of control attempts, zander piscivory will become an

increasingly important influence on the fish communities of these systems in the years

ahead.

Frequent boat passages may lead directly to depressed growth rates in juvenile

fish, by interfering with acquisition of the nutritionally more valuable food items, or by

increasing metabolic rates and thereby diverting energy expenditure away from growth.

Sidewaters on these canals could be of key importance as fish refuges; some large

redundant sites might be devoted specifically to this purpose and managed subsequently

as independent fisheries. Conversely, sidewaters could have a negative effect on the

quality of a fishery if they concentrate the most catchworthy fish in waters which have

little or no angling access.

Common carp, in contrast to other species of fish, perform well at high traffic

densities and their stocking offers an intuitively attractive solution to the problems of

fisheries management on these canals (Pygott et al., 1990). The detrimental effects of

carp noted in other freshwater ecosystems become effectively irrelevant where high

traffic has caused severe ecosystem degradation. However, this option is recommended

only for relatively short pounds, where fish can be contained and removed efficiently if

required. Stocking on a general level is likely to compromise the value of some canals
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in this class as match fisheries, while the voracious feeding habits of carp may further

depress growth rates of roach and other species, by excessive depletion of an already

impoverished invertebrate prey base.

It is now possible, as a result of computer modelling of boat traffic, to predict the

effects of local changes in traffic densities due, for example, to marina siting, canal

restoration or a stoppage, on traffic densities on the adjacent network of waterways.

Adjustments to trip functions used in the model and collection of new information on

moorings will permit refinement of these predictions. The future for the management of

canals in Britain both as a general leisure resource, and specifically for nature

conservation and angling, may lie less in a reductionist, canal-specific approach and

more in integrated system-oriented planning.

3. FUTURE REQUIREMENTS

3.1 Conservation evaluation system

There currently appears to be no coherent policy for the survey, monitoring or

selection of canal sites for SSSI notification or other assessments of their conservation

value, despite limited published advice (NCC, 1989). Many of the ten criteria proposed

originally by Ratcliffe (1977) for site assessment are inapplicable to canals (eg.

naturalness, typicalness). In contrast to rivers, recently the subject of an expert system

approach to conservation evaluation (Boon et al., in press), a relatively simple system

ought to be possible for canals, which does not require accommodation of a wide range

of variables. A macrophyte-based system is recommended, which employs diversity

and species rarity as the critical variables and therefore minimises the need for

subjective judgements. A standard methodology needs to be defined, including lengths

to be sampled. 150m should be regarded as a minimum length and 500m is suggested,

since this fits with established surveys of canal and river corridors, in which the

primary emphasis is on communities and habitat features. A specific conservation

evaluation system could be integrated into these surveys on a constant effort basis. In

some cases evaluation might also be applied retrospectively to existing data. Greatest

weighting needs to be given to species most representative of the canal habitat, or

dependent upon it for population maintenance (eg. most Potamogeton species,

Luronium natans, Alisma lanceolatum) compared to species whose occurrence in canals

is essentially accidental (eg. Menyanthes tnfoliata, Baldellia ranunculoides). The

systems devised by Wheeler (1988) for assessment of rich-fen vegetation appear to

offer an appropriate framework for the development of a macrophyte-based

conservation evaluation system for canals.
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A consistent approach is also required when dealing with introduced species.

Deliberate introductions, usually in the form of materials discarded from aquaria, often

include visually attractive native species of declining status such as 1Vymphoides

peltata, Hydrocharis tnorsus-ranae or Stratiotes abides. While these lend a certain

authenticity to an artificial habitat and are of undoubted aesthetic appeal, they detract

from the value of canals as semi-natural habitat in conservation terms and may

frequently lead to severe weed problems if growth is left unchecked. A number of canal

SSSIs (eg. Hollinwood Branch, Newport Branch) are dominated by introduced species

and represent little more than water gardens. Meanwhile more deserving sites

characterised by a high diversity of native species such as the Ashton, Lancaster and

Grand Union Canals (Milton Keynes section) are unprotected.

3.2 Traffic tolerances of scarce macrophytes

There is very limited information available on the traffic tolerances of a number of

critical species, while even some comparatively widespread species defy detailed

analysis because they usually occur only in very small quantities. Since destructive

harvesting, as a means of assessing abundance, is undesirable in these instances, one

approach may be to utilise presence-absence data and analyse the species response

using either linear- or Gaussian-logit regression. This would enable the prediction of

extinction points in relation to traffic density. An additional attraction of the presence-

absence approach is that it would enable inclusion of the considerable body of historical

records contained in reports and county floras, at least for the period since 1970 when

detailed extensive lock counter readings first became available.

3.3 Response of epiphytic invertebrates to boat traffic

This study has stressed the nature conservation significance of plant communities

in canals, the role of macrophytes in providing a substrate for invertebrates and the

importance of these invertebrates as a prey resource for fish. The epiphytic community

is itself, however, of considerable conservation significance, both in terms of well

known groups such as the Odonata but also for the diverse assemblages of leeches,

molluscs and trichopterans. The response of these invertebrates themselves to

increasing boat traffic is relatively poorly known and there are indications that some

faunas decline prior to traffic densities at which macrophyte standing crops are first

affected (see Murphy & Eaton, 1981a). Densely vegetated sidewaters might therefore

be valuable habitats for macroinvertebrates at light traffic densities. There has also been

a tacit assumption that macroinvertebrate diversity is, to a point, directly proportional to

the diversity of aquatic plants and that macroinvertebrate conservation can therefore be

achieved by default via the effective conservation of canal plant communities. It is clear,
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however, that for some relatively under-recorded groups, such as the aquatic

Coleoptera, Syrphidae and Stratiomyidae, which often thrive in dense Glyceria maxima

swamps with pools of stagnant water, habitat management designed for botanical

conservation may not always be compatible with invertebrate conservation. There is a

potentially large, but fragmented body of information, in the form of recordings by

amateur entomologists, which if collated could greatly clarify our understanding of the

relationship between boat traffic and aquatic invertebrates and allow the formulation of

management plans sympathetic to a wider range of aquatic biota.

3.4 Relationship between boat traffic and channel dimensions

A linear relationship between traffic effects and channel cross-sectional area is

implicit in the standardisation of traffic densities to mhy. This relationship might prove

to be more accurately described by a curvilinear function, in which the constraints of

the channel and consequently disturbance caused by the boat's passage, change little

over a range of blockage ratios, but are reduced rapidly above a critical threshold.

Modelling of this relationship based on flume tank studies may allow a critical cross-

sectional area to be determined and would improve the predictability of boat traffic

effects in the field. It also now appears that additional channel characteristics such as

bank profile should be incorporated into forecasts of traffic effects and should therefore

be included in modelling and simulation exercises.

3.5 Relationship between phytoplankton and turbidity

The relationship between phytoplankton concentrations and turbidity in canals, as

in other waterways, is still poorly understood. Pilot electron microscopy studies have

shown that most suspended particles in canals are extremely small (<5p.m) and

comprise a mixture of siliceous material, including colloids and diatoms, together with

non-descript FPOM. The long residence time of these materials in the water column

appears to be the main cause of chronic high turbidity. Recent findings suggest that

phytoplankton standing crops may increase in some heavily trafficked canals, during or

before the main traffic peak (Pygott, 1987; Staples, 1992), even though inorganic

turbidity is itself then high, but the precise reasons for this are unclear. Moreover,

isolation of water in situ leads to rapid clearing. Further studies are therefore needed to

quantify the contribution of phytoplankton to turbidity and its relationship with boat

traffic. This contribution might also shift with changes in the hydraulic regime and

prove to be relatively higher in sidewaters than in the main channel, as found in recent

studies at marina sites on the Great Ouse (NERC, 1990).
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3.6 Distribution of fish with respect to sidewaters

There is extensive evidence from studies in riverine habitats that fish concentrate

in backwater reaches. Detailed information is required on the distribution of fish

between canal sidewaters and the main-channel, the temporal basis of distribution

patterns and the influence of traffic and specific features of sidewaters such as the

extent of emergent vegetation. Seine net surveys, coupled with electro-fishing, may be

most appropriate, but in some densely vegetated sites, rising nets may have to be used.

These results ought to enable the identification of sidewaters beneficial as nursery sites

or general fish refuges and the modification of management procedures to sustain the

most important habitat features or enhance those of other sites.

3.7 Interspecific interactions between fish

An unusual combination of high turbidity, low structural complexity and reduced

productivity make heavily trafficked canals potentially interesting environments in

which to study interactions between fish (mainly roach, gudgeon and perch) and

provide a novel perspective on the well-researched interactions in eutrophic water-

bodies between roach, perch and to a lesser extent ruffe. Aside from a purely academic

interest, further information is required on interspecific interactions, so as to enable

prediction of the likely effects of future natural or interventionary changes in stock

composition and the potential implications for fishery quality.

3.8 Density-dependency of fish growth rates in relation to traffic

density

In resource-limited environments, growth rates of fish measured under constant

conditions and at low stress levels are invariably found to be density-dependent. The

influence of direct, density-independent traffic effects on fish growth are unknown. At

very high traffic densities these could potentially override the influence of resource

limitation. Firm evidence of compensatory growth is required to support

recommendations for culling of 0+ fish by drawdowns or the stocking of piscivorous

species such as perch or eels. Monitoring of the effects of zander on fish populations in

the Midlands canals would provide a preliminary test-bed for these studies.
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APPENDIX 3.1 

SIDEWATERS DESKTOP STUDY: SUMMARY OF RESULTS

Methodology

One third of the canal system map sheets in the BW Map Library were 'sampled' randomly

and any sidewaters present, counted and classified according to the scheme below:

TYPE	 DEFINITION (a : b ratior

Widening	 3> : 1
Winding Hole	 3 : 1 - 1 : 1
Basin	 1 : 1 - 1 : 8
Arm	 1 : 8 >
Wharf	 straight edged, regular shaped widening
Side Pond	 any widening in channel on lock flight
Wide	 3> : 1 (where 1 = 15m>)
Other	 timber ponds or other sites not covered above

1- a = mouth entrance or width of site, ie. axis parallel to canal
b = depth or length ie. axis perpendicular to canal.

The minimum size requirement for a sidewater was a 50% increase in channel width (5m is

the limit of resolution on a map with a scale of 1: 2500).

The setting of the canal was assessed and placed in one of four categories - Rural (< 10% of

a 50m strip of land either side of the canal built upon); Suburban (11 - 50% built-up - usually low

density housing and secondary industrial estates); Urban (50 - 100% built-up - city centres, high

density buildings and industry); Derelict (landfill sites, quarries, spoil heaps, bare disturbed

ground and demolition sites).

Results

The values given have been multiplied up to provide estimates for the total canal system (all

non-commercial canals)

(i) Distribution

RURAL SUBURBAN URBAN DERELICT TOTAL

Length of canal (km) 1812 406 143 61 2422

(75%) (17%) (6.0%) (2.5%)

Total No. sidewaters 732 261 123 84 1200

(61%) (22%) (10%) (7%)

Note the bias of sidewaters towards suburban and in particular urban and derelict settings

reflecting their historical close association with industry and populated areas.

This survey has been undertaken using 1: 2500 scale OS maps mostly drawn up during the

period 1965 - 75. A partial correction for changes which have occurred in the vicinity of the canal

corridor from this time until very recently is possible by incorporating changes in canal setting

noted whilst visiting sites for 1990 fieldwork. The following revision can then be made:



RURAL SUBURBAN URBAN	 DERELICT TOTAL

Length of canal (km)	 1803	 430	 143	 46	 2422

(74%)	 (18%)	 (6%)	 (2%)

Clearly the general picture has not changed markedly although this probably represents a

slight underestimate of changes that have occurred since only lengths of canal having sidewaters

were visited. The extent of derelict areas has declined through reclamation and subsequent

redevelopment (often as residential areas, light industrial estates or shopping complexes) with a

parallel increase in the suburban length. Further survey would probably reveal a decline in the

rural length due to new housing developments and movement of industry from innercity areas to

green field sites.

The overall implication is that there are c.600 km of canal with a very high public profile.

(ii) Sidewater types:

WIDENING1 WINDING

HOLE

BASIN2 ARM3 WHARF SIDEPOND WIDE4 OTHER

RURAL 252 231 63 30 27 87 27 15

SUBURB 84 45 42 27 18 33 3 9

URBAN 18 24 42 21 9 9 0 0

DERE. 21 9 36 3 0 9 3

TOTAL 375 309 183 81 54 138 33 27

1. Of 117 widenings visited in 1990, 26 were too marginal to be located while only 46 would
be considered as obvious (and were then bordering on the winding hole class according to
the present definition) and typical of the traditional view of sidewaters. A more rigorous
definition and down-scaling of the estimated numbers is therefore needed.

This approximates to 150 widenings in total to leave an estimated total number of sidewaters
of c. 1000. Since the area of a widening is so small, the removal of this number from the
total does not materially alter the estimate for the total area of sidewaters. •

2. Because the sample sizes for suburban, urban and derelict canal settings are relatively small
and basins and arms tend to be highly clustered in their distribution there is a considerable
margin of error attached to this estimate and inspection of larger samples of urban/suburban
canal (eg. from the Birmingham A-Z) suggests it is probably an underestimate.

3. Arms refer exclusively to short lengths of waterway (< lkm) which form an integral part of
the mainline canal system rather than branches and section of canal in their own right.

4. E.g. Wide Water, Kennet & Avon (Pewsey)
Tixall Wide, Staffs. & Worcs. (Great Haywood)
Thrupp Wide, S. Oxford (Woodstock)
subsidence lagoons, Trent & Mersey (Northwich)



30

0

e7i
4-1

	q 	 q

	

(-4 on 	 000; n.6
CnI

o
V6

Note the concentration of basins and arms in urban and derelict areas. Although new

sidewaters, such as marinas and winding holes have been constructed in some (principally rural)

areas, there has almost certainly been a net reduction in the total, largely through infilling,

especially of basins and arms in urban, derelict and to a lesser extent, suburban areas. Basins

and arms are often privately owned and, in heavily populated areas, may be seen as a liability in

terms of public safety by waterside industries and landowners who have inherited them. Arms

in particular may also bisect and therefore sterilize or greatly depress the value of parcels of land

otherwise available for development. Due to their narrow entrances large perimeter to surface

areas ratios, arms and basins are easily dewatered and infilled quickly working from several

sides.

(iii) Area:

The basic total water area of non-commercial canals managed by BW is c. 2700 ha

(assuming a mean width of 13.7m for Broad canals and 10.4m for narrow canals and correcting

for constrictions in canal width at locks, aqueducts, tunnels and bridges ). The summed area of

all sidewaters is approx. 150 ha. This gives an estimated total canal water area of 2850 ha of

which sidewaters represent about 5%.

In terms of individual size, the modal class size for sidewaters is 0.025 - 0.050 ha. 80%

of the sites extracted in the present survey are smaller than 0.1 ha and only 1% are larger than 1

ha (see below).

Percentage Frequency Distribution of Sidewater areas

size category (ha* 10)



APPENDIX 3.2: SIDEWATER LOCATIONS

SITE CODE TYPE GRH) REF NAME:LOCATION LOCALITY

Asbhy Canal
AZ 1	 W'G SP 395004 N. Bradfields Br.(35) Shenton
AZ 2	 W.II. SK 373071 N. Town Br.(53) Market Bosworth
AZ 3	 W.I I. SK 391032 N. Bosworth Wf. Br.(42) Market Bosworth

Ashton Canal
ASH 1	 S.P. SJ 886981 Clayton Locks (14) Manchester (Openshaw)
ASH 2	 BASIN Si 935984 Portland Basin Ashton-Under-Lyne
ASH 3	 BASIN Si 851982 Dude Street Manchester (Ancoats)
ASH 3	 BASIN SJ 851982 S. A665 Br. Manchester (Ancoats)
ASH 3	 BASIN SJ 851982 S. A665 Br. Manchester (Ancoats)
ASH 3	 BASIN SJ 851982 Ancoats Locks Manchester (Ancoats)
ASH 3	 BASIN SJ 851982 Ancoats Locks Manchester (Ancoats)
ASI1 3	 ARM SJ 851982 Islington Arm Manchester (Ancoats)
ASH 4	 NN"G SJ 866987 E. Viaduct St. Br. Manchester (Bradford)
ASH 5	 WHARF Si 923976 E. Lumb Ln. Br. (21) Manchester(Audenshaw)
ASH 5	 WHARF SJ 923976 E. Lumb Ln. Br. (21) Manchester(Audenshaw)
ASH 5	 W'G SJ 923976 W. Hanover Br. (24) Manchester(Audenshaw)

Birmingham Canals
BCN1L 1	 BASIN SO 943931 N. Ox Leasowes Br. Birmingham(Coseley)
BCML 2	 WIG SO 941946 Deepfields Junction Birmingham(Coseley)
BCML 2	 BASIN SO 941946 S. Hills Br. (A 463) Birmingham(Coseley)
BCML 2	 W.H. SO 941946 Binningham(Coseley)
BCWL 1	 BASIN SO 973906 N. D'y Rd.W.Br.(A4033) Sandwell
DIG I	 W.H. SP 079860 Ashted Locks Bihningham(Dighetfi)
DIG 1	 S.P. SP 079860 Ashted Locks Birmingham(Digbeth)
DIG 1	 W'G SP 079860 Ashted Locks Birmingham(Digbeth)
DIG 1	 W'G SP 079860 Ashted Locks Binningham(Digbeth)
DIG 1	 BASIN SP 079860 Digbeth Basin Binningham(Digbeth)
DIG 1	 W'G SP 079860 Digbeth Basin Birmingham(Digbeth)
BCSOHO 1 WHARF SP 048874 nr. mainline j'n. Birmingham(Smethwick)
BF 1	 BASIN SP 179074 S. Tamhorn Fm. Br. Fisherwick (Staffs.)
BF 2	 W'G SP 191944 {Curdworth Locks Curdworth
BF 2	 W'G SP 191944 {Marston Lane Br. Curdworth
BF 3	 BASIN SP 079881 N. Aston J'n. Birmingham (Aston)
DAW I	 BASIN SK 047016 N. Aldridge Whf. Br. Aldridge
DAW 1	 BASIN SK 047016 N. Aldridge Whf. Br. Aldridge
DAW 1	 BASIN SK 047016 N. Aldridge Whf. Br. Aldridge
DUD1 1	 ARM SO 932886 Grazebrook Arm Blowers Green
DUDI 1	 S .P. SO 932886 Lock 1) Blowers Green
DUD! 1	 S .P. SO 932886 Lock 2) Parkhead Lcks. Blowers Green
DUD1 1	 S .P. SO 932886 Lock 3) Blowers Green
DUD1 2	 W'G SO 923871 N. Nine Locks Br. Brierley Hill
DUD2 1	 WHARF SO 967854 S. Gosty Hill Tunnel Halesowen (Hawne)
DUD2 1	 WHARF SO 967854 S. Gosty Hill Tunnel Halesowen (Hawne)
R 1	 BASIN SP 032961 S. Bell Br. Bell Whf. Walsall (Yew Tree)
TI	 BASIN SO 993880 N. Uncle Ben's Br. Oldbury
Ti	 BASIN SO 993880 N. Uncle Ben's Br. Oldbury
Ti	 OTHER SO 993880 N. Uncle Ben's Br. Oldbury
W 1	 W'G SO 976936 S. Tame Valley J'n. West Brom.(Toll End)
W 1	 W'G SO 976936 S. Tame Valley J'n. West Brom.(Toll End)
W I	 W.H. SO 976936 S. Tame Valley J'n. West Brom.(Toll End)

All sites visited; field sampling sites shown in bold



SITE CODE TYPE GRID REF NAME:LOCATION LOCALITY

W BASIN SO 976936 N. Moors Mill Lo. Br. West Brom.(Toll End)
WI ARM SO 976936 Ocker Hill Tunnel Bech West Brom.
W 2 ARM SO 976947 Leabrook R'way Basin Wednesbury
W2 BASIN SO 976947 S.Bannister Rd. Br. Wednesbury
W2 W.H. SO 976947 S. Le.ab'k Rd. Br.(A461) Wednesbury
W3 ARM SO 977926 Danks Branch West Brom. (Toll End)
W3 W'G SO 977926 S. Eagle Ln. Br. West Brom. (Gt. Bridge)
W 3 OTIIER SO 977926 N. Brickhouse Ln. Br. West Brom. (Gt. Bridge)
WBH 1 ARM SO 987906 Izon Branch Canal Oldbury
WBH 1 W.H. SO 987906 N. Pudding Green fn. Oldbury
WBH 1 BASIN SO 987906 N. Albion Rd. Br. Oldbury
WBH 1 OTHER 50 987906 N. Albion Rd. Br. Oldbury
W&E 1 BASIN SJ 996010 N. Stokes Br. Bloxwich
W&E 1 BASIN SJ 996010 N. Stokes Br. Bloxwich
W&E 1 BASIN SJ 996010 N. Stokes Br. Bloxwich
W&E 2 ARM SK 002997 Birchills In. Walsall
W&E 3 OTHER Si 966007 E. Perry Hall Br. Wednesfield
W&E 4 BASIN SK 025043 N. Y'lcs Fdry Br.(A4124) Pelsall
W&E 4 BASIN SE 028045 S. High Br. (A 4214) Pelsall
W&E A 1 BASIN SK 046069 N. Burtonwood Rd. Br. Chasewater
W&E A 2 W'G SE 041073 N. Burtonwood Rd. Br. Chasewater
W&E C 1 BASIN SK 019030 {Brownhills Corry B'n Wyr ley
W&E C 1 BASIN SK 019030 {S. Pelsall Rd. Br. Wyrley

Chesterfield Canal
CHES 1 SE 685818 E. Lady Br. W. Retford
CHES 1 W'G SK 685818 E. Lady Br. W. Retford
CBES 2 BASIN SK 556809 Lock 54 Shireoaks
CHES 3 W.H. SK 448783 S. Spinkhill Br. Renishaw

Coventry canal
COY 1 W'G SP 323952 N. Br. 33 Hartshill
COV 2 WHARF SK 197027 N. Bonehill Br. Fazeley
COV 3 W.H. SP 347819 S. Old C'ch Rd. Br.(7) Coventry (Edgwick)
COV 4 ARM SP 363891 Griff Arm; N. Br.I8 Nuneaton
COV 5 W.H. SP 306974 N. Br. 41(B4116)	 • Atherstone

Erewash Canal
ERE 1 WIG SK 483382 S. MI. Br Staplefor d(Stanton Gt)
ERE 1 W.H. SK 483382 S. MI Br Stapleford(Stanton Gt)
ERE 2 WHARF SK 479397 N. Hallamfields Lock Trowel
ERE 2 W.H. SK 479397 N. Hallamfields Lock Trowel
ERE 3 W'G SE 457468 S. A 608 Br. Langley Mill

Forth & Clyde Canal
FC 1 W.H. NS 847804 W. Railway Aqueduct Bonnybridge
FC 2 W.H. NS 721768 E. Auchinstarry Br. (10) Kilsyth
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)



SITE CODE TYPE GRID REF NAME:LOCATION LOCALITY

FC 3 W'G NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 3 BASIN NS 563690 E. A81 Aqueduct Glasgow (Maryhill)
FC 4 W'G NS 553690 Lock 25; Maryhill Glasgow (Maryhill)
FC 4 W'G NS 553690 Lock 25; Maryhill Glasgow (Maryhill)
FCG 1 OTHER NS 582678 Firhill Basin Glasgow (Hamiltonhill)
FCG 2 W.H. NS 573686 N. Br. 1 Glasgow (Maryhill)
FCG 3 OTHER NS 583679 opp. Firhill Basin Glasgow (Hamiltonhill)
FCG 3 ARM NS 583675 Hamiltonhill Quarry B'n. Glasgow (IIamiltonhill)

Grand Union Canal
GUML 1 BASIN SP 631596 S. A 45 Br. (24) Weeclon
GUML 1 W'G SP 631596 S. A 45 Br. (24) Weedon
GUML 2 BASIN SP 097962 nr. Tame Valley J'n. Birmingham (Nechells)
GUNIL 3 W.H. SP 740501 S. Blisworth Tunnel Stoke Bruerne
GUML 4 BASIN SP 103852 W. Br. 88 Birmingham (Tyseley)
GUML 5 W.H. SP 915250 S. Br. 114 (A 4146) Leighton Buzzard
GUNIL 6 W.H. TQ 141796 A 4127 Br. (Windmill Br.) Southall
GUNIL 7 W'G SP 748490 S. A 508 Br. (54) Stoke Bruerne
GUML 8 BASIN TQ 062802 A 408 Br. (192) West Drayton
GUML 9 W'G SP 189779 Knowle Locks Knowle
GUML 9 W.H. SP 189779 knowle Locks Knowle
GUML 9 S.P. SP 189779 Knowle Locks Knowle
GUML 9 S .P. SP 189779 Knowle Locks Knowle
GUML 10 W.II. SP 871392 N. Br. 83 M. Keynes (Woolstone)
GUML 11 WG SP 417646 Cuttle Br. (25) A 423 Long Itchington
GUML 12 WIG SP 957104 Cowroast Lock Dudswell
GUML 13 WHARF SP 289659 A 429 Br. (49) Warwick
GUML 14 BASIN TQ 042904 N. Br. 178 Harefield
GUML 15 W.H. SP 795423 Below Cosgrove Lock (21) Cosgrove
GUML 16 WHARF SP 809414 W. Br. 68 Cosgrove
GUML 17 W.H. SP 617643 S. Br. 15 Whitton
GUML 18 W'G SP 914279 E. Br. 111 Leighton Buzzard
GUML 18 W'G SP 916279 E. Br. 111 Leighton Buzzard
GUP 1 W'G TQ 224803 E. Mitre Br. (6) A 219 Kensal Green
GUR 2 BASIN TQ 356812 E. Old Ford Rd. Br. London (Globe Town)
GUR 2 WHARF TQ 3568/2 E. Old Ford Rd. Br. London (Globe Town)
GUW 1 W'G SP 867097 N. Halton Rd. Br. Halton
GUW 1 WIDE SP 867097 S. Halton Rd. Br. Halton
GUW 2 W.H. SP 869083 N. Town Br. Wendover

Grand Union Leicester Section
GUL 1 W.H. SP 668923 S. Br. 72 Smeeton Westerby
GUL 2 ARM SP 692896 Inclined Plane - Bottom Foxton
GUL 2 ARM SP 692893 Inclined Plane - Top Foxton
GUL 2 W'G SP 692895 N. Br. 62 Foxton
GUL 3 W'G SP 608971 W. Kilby Br. (87) A 50 Wigston
GUL 4 W'G SP 614756 N. Clay Barn Br. (26) Yelvertoft
GUMH 1 W.H. SP 732892 N. Bowden Hall Br. (10) Market Harborough
GUMH 2 W.H. SP 715897 W. Gallows MB Br. (8) Foxton
GUWEL 1 W.H. SP 643810 S of Lock Welford
GUWEL 1 W.H. SP 643810 S of Lock Welford



SITE CODE TYPE

Grantham Canal

GRID REF NAME:LOCATION LOCALITY

G 1 NN'G SK 743315 E. Harby Br. Harty

G2 W'G SK 671368 W. Foss Br. (A 46) Cropwell Butler

G3 W'G SK 679344 N. Cotgrave Rd. Br. Cropwell Bishop

G4 W'G SK 762336 field bridge ? Plungar

G5 W.11. SK 797357 N. Redmile Rd Br. Red mile

Huddersfield Canals
C&II 1 W.H. SE 172 198 N. Ladgrave Lock (3) Huddersfield (Bradley)

HN I W.H. SD 967986 A 6018 Br. Stalybridge
HN 2 W.H. SD 960983 B6175 Br. Stalybridge

HN 3 W.H. SE 060128 nr. Lock (Booth Br.) Lingards Wood
HN 4 W G SE 002073 Diggle Locks Diggle
HN 4 W'G SE 002073 Diggle Locks Diggle
HN 4 W'G SE 002073 Diggle Locks Diggle
HN 4 W'G SE 002073 Diggle Locks Diggle
HN 4 W'G SE 002073 Diggle Locks Diggle
HN 5 BASIN SE 149162 S. A 629 Rd. Br.(AspleY) Huddersfield

Kennet & Avon Canal
K&A 1 W.H. ST 934614 E. Seend Wharf Br. Seend Cleeve
K&A 2 S.P. ST 755643 Lower Lock Bath
K&A 2 S.P. ST 755643 E. Pulteney Rd. Br. Bath
K&A 2 W G ST 755643 S. Pulteney Gdns. Br. Bath
K&A 3 WG ST 782662 E. Bathampton Br. Bathampton
K&A 3 W'G ST 782662 E. Bathampton Br. Bathampton

K&A 4 W'G ST 791643 S. Hardings Br. Claverton

K&A 5 VV.II. SU 340687 E. Hungerford Br. Hungerford

K&A 6 W.H. ST 900610 E. Semington Br. Semington

K&A 7 W'G SU 153612 W. Pewsey Br. Pewsey

K&A 8 W'G SU 003618 W. Cemetery Rd. Br. Devizes

K&A 9 W'G ST 965616 W. L'r. Foxhangers Br. Lower Foxhangers
K&A 9 W'G ST 965616 Lock 22 Lower Foxhangers
K&A 10 W.H. ST 784625 S. Dundas Br. Dundas
K&A 11 W.H. SU 271632 S. Beech Tree Walk Br. Crofton

Lancaster Canal
LAN 1 BASIN SD 532809 N. Dukes Br. (A6070) Farleton
LAN 2 W.H. SD 485497 N. Cartmels Br. (74) Forton
LAN 2 W'G SD 485497 N. Cartmels Br. (74) Forton
LAN 3 WHARF SD 508414 Cloughton Ln. Br.(49) Bilsborrow
LAN 4 W'G SD 471592 S.Ashton Ln. Br. (94) Lancaster (Scotforth)
LAN 5 W'G SD 519711 E. Kellet Ln. Br.(130) Carnforth
LAN 6 WHARF SD 495445 E. Byerworth Br. (60) Garstang
LAN 6 WHARF SD 495445 E. B 6430 (59) Garstang
LAN 6 W.H. SD 495445 E. Dimples Br. (58) Garstang
LAN 7 W'G SD 523777 N. New IVfill Br. Holme Mills
LAN 8 W'G SD 483502 S. Radcliffe Br. (75) Forton
LAN 9 W'G SD 492695 S. Thwaite End Br. (127) Camforth
LAN 10 W.H. SD 471568 S. Ashton Park Br. (90) Galgate
LAN 11 W.H. SD 496701 S. Camforth Br. (128) Camforth
LAN 12 W.H. SD 467647 N. Belmount Br. (114) Hest Bank
LAN 13 NV'G SD 523853 nr. first br. Stainton
LAN 14 W'G SD 503446 N. Turners Br. (56) Garstang



SITE CODE TYPE

Leeds-Liverpool Canal

GRID REF NAN1E:LOCATION LOCALITY

L&L 1 WIG SD 595164 N.Barracks Br. (75) Chorley
L&L 1 W'G SD 594158 N.Barracics Br. (75) Chorley
L&L 2 W.II. SD 688281 S. Enam Br. (103A) Blackburn
L&L 3 BASIN SD 532078 S. Fishers Sw. Br. (45) Gathurst
L&L 3 BASIN SD 532078 S. Fishers Sw. Br. (45) Gathttrst
L&L 4 W.H. SD 470108 N. Spencers Sw. Br. (36) Newburgh
L&L 5 V.H.1 SD 385003 S. Melling Stone Br. (11) Melling
L&L 6 1I"G SD 820324 Gannow Br. (127A) Burnley'
L&L 7 W.II. SJ 385981 W. Handcocks Sw. Br.(9) Aintree
L&L 8 W.H. SD 720305 W. Norden Br. (107A) Rishton
L&L 9 W'G SD 740290 S. Church Kirk Br. (112) Church
L&L 9 ARM SD 745292 Peel Arm E. Br. 113 Church
L&L 10 \VG SD 666264 E. Bower House Fold Br. Blackburn (Nlillhill)
L&L 11 WHARF SD 582050 Wigan Pier Br. 52 Wigan
L&L 12 W.11. SD 387117 W. Scarisbrick Br. (27A) Pinfold
L&L 13 WG SD 911526 N. Newton Br. (164) Bank Newton
L&L 14 11"G SE 107394 N. 3 Rise Locks SW'. Br. Bingley
L&L 15 OTHER SE 268342 Redcote Br. (224) Kirkstall
L&L 16 W.H. SD 669262 E. Kings Br. (96A) Blackburn (Millhill)
L&L 17 WG SD 872412 N. Blakey Br. (144) Higherford
L&L 18 BASIN SD 626251 E. Riley Green Br. (91A) Riley Green
L&L 19 W.H. SD 563062 S. Hell Meadow Locks Wigan
L&L 20 W.H. SD 933545 Eshton Rd. Br. (171) Gargrave
L&L 20 W.H. SD 933545 Ray Br. (172) Gargrave
L&L 20 W.H. SD 933545 Ray Br. (172) Gargrave
L&L 21 W.H. SD 525092 Ranicar's Sw. Br. (44) Appley Bridge
L&L Ll W'G SD 632996 W. Plank Ln. Sw. Br. (8) Leigh
L&L Li OTHER SD 632996 W. Plank Ln. Sw. Br. (8) Leigh

Macclesfield Canal
MACC 1 W'G. Si 950842 S. Bullocks Br.(13) Middlewood
MACC 2 BASIN SJ 931968 S. Greens Br. (28) Bollington
MACC 3 WHARF SJ 945832 N. Browhills Br. (15) Higher Poynton
MACC 3 W.H. Si 945832 N. Browhills Br. (15) Higher Poynton
MACC 3 OTHER SJ 945832 S. Browhills Br. (15) Higher Poynton
MACC 4 ARM Si 949852 High Ln. Arm; S. A6 Br. High Lane
MACC 4 W'G SJ 950851 opp. High Ln. Arm High Lane
MACC 5 W'G Si 930748 N. Higherfold Br. (33) Macclesfield
N1ACC 6 W.H. Si 875644 N. Town Field Br. (66) Congleton
MACC 7 POND Si 914710 W. L'k New Rd. Br.(A523) S. Macclesfield
MACC 8 W'G SJ 911709 Danes Moss Br. (46) S. Macclesfield
MACC 8 W.H. SJ 913702 Danes Moss Br. (46) S. Macclesfield
MACC 9 W'G SJ 958880 N. Eccles Br. (3) Marple
MACC 10 WHARF Si 932803 N. Br. 20 (Ryles Br.) Adlington

Manchester, Bolton & Bury Canal
MBB 1	 W.H.	 Si 824983 ?W. Oldfield Rd. Br. ?? Salford
MBB 1 W'G SJ 828980 ?B5461 Br. Salford
MBB 2 BASIN SD 762067 W. Hayward Rd. Br. Little Lever
MBB 2 W'G SD 762067 W. Hayward Rd. Br. Radcliffe
MBB 2 W'G SD 766069 E. Hayward Rd. Br. Radcliffe
MBB 3 BASIN SD 761055 ? N. Ringley Br. Stoneclough



SITE CODE TYPE	 GRID REF

Monmouthshire & Brecon Canal

NAME:LOCATION LOCALITY

M&B 1	 BASIN SO 291012 S. Pontymoile Br. (52) Pontypool
M&B 2	 ' G SO 167205 Aberhoyw Br. (126) Llangynidr
Al&B 3	 W'G SO 309087 Rhyd-y-meirch Br. Llanover
M&B 4	 W'G SO 117233 S. Maes-NIawr Br. Talybont
M&B 5	 W.H. SO 079271 S. Brynich Aqueduct Brecon
M&B 6	 W'G SO 243145 S. Aukland Br. (104) Gilwern
M&B 6	 ARM SO 243145 Gilwern

Oxford Canal
OX 1	 WIDE SP 481162 Thrupp Wide Thrupp
0X2	 W.H. SP 463397 S. Samuelson Br. (168) Banbury
0X3	 WG SP 485182 E. Enslow Br. (A 4095) Enslow
0X4	 W.H. SP 492201 N. Pigeons Br. (213) Tack ley
0x5	 W.H. SP 486624 W. Garners Br. (107) Lower Shuckburgh
OX 6	 ARM SP 370833 Old Main Pit Canal Arm Hawkesbury
0X6	 WG SP 370833 E. Whitings Br. (5) Hawkesbury
0X7	 W'G SP 464492 N. Clattercote Br. (147) Claydon
0X8	 W'G SP 540722 N. Normans Br. (76) Rugby
OX 9	 W'G SP 403835 E. Squires Br. (17) Ansty

Peak Forest Canal
PF 1	 S.P. Si 958899 Lock 5 } Marple
PP 1	 S .P. Si 958899 Lock 6 } Marple Marple
PF 1	 S.P. Si 958899 Lock 7 } Locks Marple
PP 1	 W'G SJ 958899 Lock 8 } Marple
PP 2	 W.H. SJ 935925 N. Br. 12 Woodley
PF 3	 W'G SJ 932974 N. Br. 2 (B 6169) Dukinfield
PF 3	 W'G Si 932974 N. Br. 2 (B 6169) Dulcinfield
PF 3	 W.H. Si 932974 N. Br. 2 (B 6169) Dukinfield
PF 4	 W'G Si 970858 N. Stanley Hall Br. (23) Strines
PF 5	 ARM SK 007836 S. Carr Sw. Br. (30) Furness Vale
PF 5	 ARM SK 005839 N. Furness Br. (31) Furness Vale
PF 6	 W'G SJ 939962 S. Br. 4 Hyde

Pocklington Canal
POC 1	 W1G SE 710446 N. BWB Br. 2 Storwood

Shropshire Union Canal system
SUC 1	 W.H. SJ 834168 N. High Onn Br. Church Eaton
SUC 2	 W.H. SJ 890071 S. Huntings Br. (7) Brewood
SUC 3	 WHARF SJ 419723 S. Croughton Br. (135) Croughton
SUC 4	 W.H. SJ 872108 N. Stretton Aq'duct (A5) Stretton
SUC 5	 W.H. SJ 758261 W. Shebdon Br. (44) Shebdon
SUC 6	 W.H. Si 878092 N. Brewood Br. (14) Brewood
SUC 7	 W.H. Si 635532 S. Acton Br. (93) Acton
SUC 8	 W'G Si 793228 Norbury in. Norbury
SUC 9	 ARM SJ 639527 Basin End Nantwich
SUC 10	 W'G Si 407666 W. City Rd. Br. (123B) Chester
SUC 11	 W.H. SJ 418745 S. Stanney Mill Br. (141) Ellesmere Port
SUC 12	 W.H. SJ 455641 S. Egg Br. (119) Waverton
SUC 13	 WHARF SJ 890071 Chillington Whf. (S. Br.9) Brewood
SUC 14	 W.H. SJ 640486 N. Hack Green Br. (86) Hack Green



SITE CODE TYPE	 GRID REF	 NAME:LOCATION

Shropshire Union Canal-Llangollen Section

LOCALITY

SUC L 1 NVG Si 524430 N. Grindley Brook Br.(28) Grindley Brook
SUC L 2 It" G Si 270413 N. Fron Lift Br. (28) Froncysyllte
SUC L 3 W.H SJ 290357 E. Moreton Br. (17)-A5 Weston Rhyn
SUCL 4 W.H. SJ 347326 Brooms Br. (7) Welsh Frankton
SIX L5 W.II. Si 213423 W. Siambr Wen Br. (45) Llangollen
SUC MO 1 W'G SO 174972 Abernant Br. Abernant
SUC NIO 2 W.H. SJ 264169 S. A483! B4389 Rd. Br. Ardleen
SUC MO 3 W'G SJ 247102 S. Abbey Lift Br. Buttington
SUC NIO 4 V.H. Si 304247 Maesbury Mill Maesbury
SUC MO 5 ARM SO 142934 N. B4389 Rd. Br. Aberbechan

Staffordshire & Worcester Canal
S&W 1 W'G SJ 901022 S. Autherley J'n. Wolverhampton
S&W 2 W.11. SO 832776 Br.18 Kidderminster
S&W 3 %VG SO 865927 N. Giggetty Br. (44) Wombourne
S&W 4 W'G SO 836796 N. liVolverley Forge Br. Wolverley
S&W 5 W.H. SO 824737 N. Oldington Br. (10) Kidderminster
S&W 6 W.H. Si 928139 N. Princefield Br. (85) Penkridge
S&W 7 WIDE SJ 983227 Tixall Wide Tixall
S&W 8 W'G SJ 919067 W. Slade Heath Br. (72) Coven
S&W 9 W.H. SJ 938160 N. Park Gate Br. (90) Teddesley
S&W H 1 ARM SJ 977084 Bridgtown Br. Bridgtown
S&WH 2 POND SJ 950090 Four Crosses Br. Cannock

Stourbridge Canal
ST 1 ARM SO 908877 St'br'dge Exten. Canal Brierley Hill (Brockmoor)
ST 2 W.H. SO 888860 W. Wordsley in. Wordsley

Stratford-on-Avon Canal
S on A 1 S.P. SP 173579 Lock 44 } Wilmcote Wilmcote
S on A 1 W'G SP 173579 Lock 45 } Locks Wilmcote
S on A 2 BASIN SP 079796 A435 Br. (3) Brandwood End
S on A 3 W'G SP 088798 Br. 5 Yardley Wood
S on A 4 ARM SP 152725 W. Br. 25 (A34) Hockley Wood
S on A 5 W'G SP 186711 Lock 15 Kingswood
Son AS WV SP 186711 Lock 16 } Lapw-orth Kingswood
S on A 5 W'G SP 186711 Lock 17 1 Locks Kingswood
SonA 5 W'G SP 186711 N. Br. 39 Kingswood
S on A 5 OTHER SP 186711 Kingswood Tn. Kingswood
S on A 6 W.H. SP 198555 W. Lock 52 Stratford upon Avon
S on A 7 S.P. SP 171575 Lock 40 Wimcote
S on A 8 W'G SP 159630 A34 Br. Wootton Wawen
S on A 9 W.H. SP 165600 Br. 57-58 Bearley Cross
S on A 10 W'G SP 161631 Br. 53 Wootton Wawen
S on A 11 W.H. SP 106772 S. Br. 9 Major's Green

Trent & Mersey Canal
TM 1 W'G SJ 900338 N. Br. 94 Stone
TM 1 W'G SJ 900338 N. Br. 94 Stone
TM 2 BASIN SJ 881447 Stoke Basin; N. Br. 110 Stoke on Trent
TM 2 ARM SJ 881445 S. Br. 110 Stoke on Trent
TM 3 W.H. SJ 880415 N. Hem Heath Br. (106) Hem Heath



SITE CODE TYPE GRID REF NAME:LOCATION LOCALITY

TM 4 W.H. SJ 944291 W. Br. 83 (B5066) Sandon
TM 5 W.H. SJ 882400 S. Limekiln Br. (105) Hem Heath
TM 5 W.H. SJ 885391 S. Old Rd. Br. (104) Hem Heath
TM 6 OTHER SJ 691675 N. Br 75 Middlewich
TM 6 OTHER Si 691675 N. Br 75 Middlewich
TM 7 BASIN SJ 590775 N. Br 211 Dutton
TM 8 BASIN SK 039199 N. Br. 68 Rugeley
TM 8 W'G SK 039194 Brindley Bank Aqueduct Rugeley
TM 9 W.H. SJ 576787 S. Preston Brook Tunnel Dutton
TM 9 W'G SJ 576787 S. Preston Brook Tunnel Dutton
TM 10 WG SJ 868474 N. A53 Br. (117) Etruria
TM 11 WIG SJ 699670 E. Br. 173 (A530) Middlewich
TM 12 W.H. SJ 730623 N. Stud Green Br. (162) Ehvorth
TM 13 OTHER SJ 682711 S. Br. 181 Northwich
TM 14 BASIN SK 295286 Shobnall Basin; Br. 53 Burton upon Trent
TM 15 W.H. SK 295286 E. Br. 23 (B5008) Willington
TM 16 BASIN Si 855508 Br. 129 Tunstall
TM 16 BASIN SJ 855508 Br. 129 Tunstall
TM 16 BASIN SJ 855508 Br. 129 Tunstall
TM 17 W.H. SJ 859496 S. A527 Br. (126) Stoke (Longport)
TM 18 OTHER SJ 685707 N. Br. 180 Northwich
CN 1 W.H. Si 901484 N. Br. 14 Harley
CN 2 G SJ 885467 W. Br. 8 (A50) Hanley
CN 3 W.H. SJ 894475 S. Br. 13 Hanley
CN 4 W.H. SJ899482 N. Br. 14 Hanley
LEEK 1 W'G SI 972540 S. Leek Tunnel Longsdon
LEEK 1 W'G Si. 972540 S. Leek Tunnel Longsdon
LEEK 1 W.H. SJ 968538 E. Waterworks Br. (7) Longsdon
LEEK 2 OTHER SJ 974543 S. Leek Tunnel Ladderedge

Union Canal
U 1 W.H. NS 892782 Glen Br. (60) Falkirk (Glen Village)
U2 W'G NS 985761 Kettlest'n Aq. (E. Br.46) Linlithgow
U3 \VG NT 078723 N. Br. 26 Broxburn
U 4 W.H. NT 235717 N. Ashley Trrce. Br.(3) Merchiston
U 5 W.H. NT 040770 Queensferry Rd. Br.(4)) Philpstoun
U6 W.H. NS 925783 Blairlodge Br. (55) Polmont
U 7 WIDE NS 880791 E. Walkers Br.(62) Falkirk
U8 W'G NT 060767 Philpstoun Br. (38) Philpstoun

Worcester & Birmingham Canal
W&B 1 W'G SO 856571 N. A 4536 Br. (15) Worcester
W&B 2 W'G SO 916593 N. Br.28 Oddingley
W&B 2 W'G SO 916596 N. Br.28 Oddingley
W&B 3 OTHER SP 062867 Gas Street Basin Birmingham
W&B 3 OTHER SP 062867 Gas Street Basin Birmingham
W&B 4 W'G SO 922629 N. Saltway Br. (35) Droitwich
W&B 4 ARM SO 921628 N. Saltway Br. (35) Droitwich

W .G=WIDENING; W.H.=WINDING HOLE; S.P.=SIDE POND
SEE APPENDIX 3.1. FOR DEFINITION CRITERIA
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Map outlines of sidewater sites: Scale 1 : 2500



Co\t 3

0
COV 5

.c,---

-

FC 1
Ft 3

FC 2_

GUIAL 11





LAN 6

7

L.& L. 2

LA L7

La.l. 4
------\:::.2-----

1..1.1.3 ..,7-.' Lesi.. I2.

---------

/-1

U. L 8

----s:r



MACC 3

rMACC/

-----	 • ..... •••••	
......	 ......	 ..... ........

••••••••../

OX

M85

Ojs2..

OX3

m6-5 z

----------





511

TM 4

........

TM8

....... -•••	 ...

a
TM 8 	....

...........



SOURCE

estimate
Fiala et aL (1968); Kvet & Husak (1978); Whigham et al. (1978)
Bradbury & Grace (1983)
Verhoeven (1983) plus estimate based on Bernard (1974) and Al-Mufti et al. (1977)
estimate from Alisma plantago-aquatica
van der Valk & Bliss (1971); Westlake (1982)
estimate
estimate
estimate based on Benda erecta and Nasturriurn officinale. see 1
R. A. Janes pers. comm.
Edwards & Owens (1960); Wright et aL (1982)
van der Valk & Davis (1978)
estimate
estimate
pers. obs. t where growing emergent on wet mud
estimate
estimate
estimate
estimate
Mjornso (1969)
Pearsall & Gorman (1956); Verhoeven (1983); Wheeler & Shaw (1991)
Aerts et al. (1992)
estimate
estimate
estimate
estimate
estimate based on Deschampsia caespitosa
estimate based on C acute and C. riparia
estimate
estimate based on C. acutiforrnis

Pearsall & Gorman (1956); Momsjo (1969); Gorham & Somers (1973); Bernard (1974);
Bernard & Hankinson (1979); Bernard, Solander &Kvet (1988); Aerts et al. (1992)
estimated as for C acuta
estimate
estimate
estimate
estimate
Davy (1980)
Van der Valk & Bliss (1971); Westlake (1982) [137 in Esteves]
Al-Farraj et aL (1984); Wheeler & Shaw (1991) see note 2
estimate
estimate
Van der Valk & Bliss (1971); Auclair et at (1976); Kvet &Husak (1978)
Sjoberg & Dane)/ (1983)
estimate
cf Filipendula
Al-Mufti et al. (1977); Balsberg (1982)
estimate based Mentha aquatina
estimate based on Galitan aparine in Al-Mufti et al. (1977)
estimate
estimate
Buttery & Lambert (1965); Westlake (196613); Kvet &Husak (1978)
Ozimek & Klekot (1979); Sunblad (1990); Wheeler & Shaw (1991) see 3
estimate
Edwards & Owens (1960)
pers. ohs.
estimate
estimate
estimate
Baradziej (1974); Esteves (1979); Westlake (1982)

APPENDIX 3.4: BIOMASS CONVERSION FACTORS

SPECIES gDWnr2

Achillea ptannica 150
Acorus calanuts 850

Agrostis stolonifera 150

Alisma lanceolatum 350

Alisma plaruago-aquatica 355
Alopecunts geniculatits 150
Angelica sylvestris 600
Api um notliflontm 500
Azolla filliculoides 80
Berula erect(' 500
Bidens cernua 600
Bidens tripartita 150
Butomus umbellatus 450
Callitriche stagnalist 100
Caltha palusuis 300

Cardamine amanz 200
Cardamine flexuosa 50
Cardamine pratensis 150
Carex acuta 600
Cares acuttfonnis 800

Cares binervis 150
Carrx hirta 150
Carex nigra 200
Carer otrubae 250
Carer paniculata 600
Cares tweudocyperus 650

Carex remote 100
Carex riparia 800

Caner rostrata 650

Carer vesicaria 600
Cicuta virosa 700

Cirsium palustre 400
Daaylorhiza praetennissa 200
Dactyloritiza purpurella 200
Deschampsia cespitosa 635
Ekocharis palustris 320
Epilobium hirsutum 1500
Epilobium palustre 150
Epilobium tetragoruun 250
Equisetum fluviatile 480

Equisetum paha:re 200
Eupatorium cernnabinum 450
Filipendula ubnaria 350
Galeopsis tetra hit 250
Galium palustre 50
Glyceria declinata 150
Glyceria fluitans 150
Glyceria maxima 1000

Glyceria xpedicellata 150
Hippuris vulgaris 250
lbdrocharis morsus-ranae 140
Hydrocotyle vulgaris 150
Impatiens capensis 250
Impatiens glandulifera 1000
Iris pseudaconts 640



SOURCE

estimate based on J. geraalii from de Leettw eta!. (1990) and J. subnoditlosus
estimate based on/ gercadii from de Leeuw et al. (1990) and J. subnodulosus
estimate
estimate
estimate
estimate based on/ effitstes
Pearsall & Gorham (1956): Westlake (1982)
estimate based aril effitsus
Verhoeven (1983); Wheeler & Shaw (1991)
for patchy healthy monolayer (J. W. Eaton pers. comm.)
see DeBusk et al (1983); Pokorny & Rejmankova (1983)

empirically derived for thicker layers (observed range= 70-275 gDWm-2)
cf. Jervis (1969); DeBusk et aL (1983): Pokorny & Rejmankova (1983)
estimate
estimate based on Mentha aquatica
estimate
Esteves (1979)
estimate
Whigham et al. (1978)
estimate
pers. ohs (n=3); Esteves (1979)
Esteves (1979)
estimate
estimate
estimate
estimate
Good & Good (1975) [Nuphar adlena]; Whigham et al. (1978); Esteves (1979)
Bernatowicz & Pieczynaska (1965); Esteves (1979); Smart (1980) [N. tuberosuml
pers. obs. (n=3) see 4
estimate
estimate
estimate
Pearsall & Gorham (1956); Ramage et al. (1958); Klopatek & Stearns (1978)
Tessier et aL (1984)
Haslam (1972); Mason & Bryant (1975); Kvet & Husak (1978)
estimate from Poa
estimate based on Al-Mufti et al. (1977) and from Poa prcuensis (Bernard, 1974)
Esteves (1979); Best & Dassen (1987)
estimate see note 5
Clymo (1970)
pers. obs. (n=8)
estimate
estimate
estimate
estimate
estimate based on healthy monolayer of Lemna app
estimate
Ladle &Casey (1971); Rejmankova (1992) see 1
estimate
estimate
estimate
Whigham et aL (1978); Kvet & Husak (1978); Clark & Clay (1985)
t based entirely on measurements of the morphologically similar S. latifolia
Anderson (1976); Esteves (1979); Kvet & Husak (1978); Westlake (1982);
estimate
estimate
estimate
Buttery & Lambert (1965)
Fiala et al. (1978); Nielsen et al. (1985)
Fiala et al. (1978); Kvet & Husak (1978); Handoo & Kaul (1982)
Neely & Davis (1985); Ulrich & Burton (1988)

SPECIES gDWm- 2

hincus actuillorus 300
Juncus articulatus 300
Juncus Melanins 100
Juncus bulbosus 100
Juncus compressus 150
Arleta conglomemtus 600
Juncus effitsus 600
Juncus inflexus 600
Junctts subnodulosus 270
Letnna gibba
Lemna minor 120/40
Lemna minitta

Lotus pedunculatus 100
Lycopus europaeus 250
Lysimachia nummulatia 150
Lysimachia thtysijlora 268
Lysimachia vulgaris 400
Lythnon salicaria 1600
Lythnim portula 100
Mentha aquatica 273
Menyanthes trilobata 542
Mitnulus guttatus 300
Myosotis caespitosa 200
Myosotis scorpioides 200
Myosoton aquaticum 150
Nuphar lutea 600
Nymphaea alba 500
Npnphoides peltata 470
Oenanthe aquatica 350
Oenatuhe crocata 700
Oenanthe fistulosa 150
Phalaris anorlinacea 900

Phragmites australis 1000
Poa humilis 100
Poa trivialis 100
Polygonum amphibia 200
Polygonum hydropiper 150
Polytri chum commune 800
Potamogewn natans 239
Ranunculus fiammula 150
Ranunculus hederaceus 50
Ranunculus lingua 350
Ranunculus scelercuus 150
Riccia fluitans 40
Rorippa amphibia 250
R. nasturtizan-aquaticton 400
R palustris 150
Rumex crispus 300

hydrolapathum 800
Sagittaria sagittifolia 650-1-

Schoenoplectus lacustris 800
Scropludaria auriculata 400
Scutellaria galericulata 150
Senecio aquatica 200
Solarium dtdcamara 288
Sparganium emersum 350
S. erectum 1000



SOURCE

Pearsall & Gorham (1956); Clymo (1970)
for continuous monolayer (see Lemnaceae)
estimate based on Mendia aquarica
pers. obs.
estimate
estimate
Mason & Bryant (1975); Auclair a al. (1976); Kvet & Husak (1978);
Westlake (1982); Jordan et al. (1990)
Pearsall & Gorham (1956)- Klopatek & Stearns (1978); Kvet & Husak (1978);
Smith et al. (1988); Ulrich & Burton (1988) also see review by Neely & Davis (1985)
estimate based on Filipendula ubnaria
Pandey & Srivastava (1989)
estimate based on Benda meta and Nasturtium officinale
estimate

SPECIES	 gDWm- 2

Sphagnum recurvum 400
Spirodela polyrhizza 40
Stachys palustris 250
Stratiotes abides 350

Stellarta alsine 50
Triglochin palustris 150
Typha angustifolia 1200

T latifolia 1200

Vakriana oljicinalis 303
Veronica anagallis-aquatica 290
V. beccabunga 350
Viola palustris 100

Based on values from temperate regions for real or hypothetical pure swards growing in fertile substrate at depths
comparable to those colonised in canals.

NOTES
I. In small shallow chalk streams and springs maximum standing crops of Nasturtium officinale and Apium nodijlorum have

been observed to reach 1200-1500 and 2000gDoWm- 2 respectively under favourable conditions (Michaelis, 1976; Thommen
& Westlake, 1981). The stem density, cover and stature of plants associated with these biomass values was not observed in
canal populations however, sp an intermediate value is preferred.

2. Wheeler & Shaw (1991) provide data for tall herb fen vegetation in Broadlard (mean September aboveground SC =

1828gDWni 2) including sites with near monodominant stands of E hirsunon. Al Farraj et al. (1984) estimated net
above-ground productivity of several E hirstaum stands in Woodland onthe basis of April-September SC ineremext

and obtained values around 2400gDWrtC 2 yr 1 which should only slightly underestimate September SC. A smaller SC
value is used here to allow for the biomass contributed by other species and for the fact that E hirsutum rarely forms
extensive, ± monodominant stands on canals.

3. Westlake (19666) recorded rrsorimum above ground standing crop for Glyceria maxima as only 656gDWm-2. The swamps
in which these measurements were made were however located in Salix carr, typically 50m from standing water. Since there
is a marked reduction in shoot biomass in G. maxima with increasing distance from open water (Buttery & Lan2bert, 1965)
production is likely to have been relatively low under such conditions. On canals, G.marima stands usually lie within 10m

of open water or form floating rafts. Hence the standing crop value of 1000gDWnr 2 is in line with values reported by
Buttery & Lambert (1965) and Wheeler & Shaw (1991).

4. Dutch studies (Van der Velde 1979; Brock era!. 1983) of shallow water (0.5m) Nymphoides populations have reccrded
much lower maximum AGCS (max. 314 gDWni 2). The value for the Leeds-Liverpool Canal is based on material collected
from dense monodominant stands growing in water 1.5m (typical of the range of depths colonised) and comparatively

5. Value of 613gDWrn-2 in Rejmanlcova & Velasquez (1978) considered unrepresentative of stands observed beside canals which
usually comprise low growing plants in areas subject to moderate to heavy livestock trampling.



3.5a Sidewater vegetation database. Raw data and summary.

All values are estimated mean biomass as gDWm-2. Actual cover values
for emergent and floating-leaved species may be obtained by dividing the
tabulated site values by the biomass constants given in the second column.

The categories of vegetation listed in the Summary Tables are defined by
the species listed in Table 3.1. Adjusted biomass and cover values are for
areas unoccupied by emergent plants which are potentially colonisable by
submerged or floating-leaved vegetation.
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Â
g
e

1
.1

.4

oQ.
E

1
.-1

f.1,
'f,
Pr
.0

.5°0

.5as...
"5<,...
..g.:.
4)
g

ts.)
2

'''a
g=
00

_1

4.....
2

os8
....Iv,

r41
°

7::

§T.
2

87;2
o- .
§6t)
.

*1-1

§T.
2

ER.r.tr,

cd
0
3

>-.
2

§
rs.2
Ct.ol

"-'
-E.

ID
......a

>..a
8.".

1.,
Z

_,

-A0
.4
A

>nZ

co
A	 tS1., .0

- Fro
"C)
2 .5

51:AP, 0Z 0

.3
ow
2

 °
5

§00

8
0
3
o

5

0w0

coo
g
0

LE.,
4

 E

..

"(7s
a.

aq.....
-0-4_.,.
go
k .,_

1

.g0-;g
to	 rol
. =„ al

t . os
a. a.

49
;0
.=g,u

E=

>'°4
a.

05.4

I_	 ,t,
& = c0

'Ei,	 z=2	 - m E..a 0 ->, . 0
0

•-,	 ;3,3
g fa 0

"›.
a. a. a.

75
=

.8
0

a.

occ4o

eeee

.1EgSE

co
g
E	 t0
a. z
E.g. ()
°u 0
0 0
0

a. a.000-61-D000000000000000

e§-tri-zzz.E.,,s-6.4.6.5.6-E.,r,

: F.,	 E	 18-
-

0 0 0

a.

40g.88.8.R.*Bxxc'EL
ocroaclo

e eeeee

.IEE g .1.1.1 g I g

co

'2 g g	 u•
47".	 '-'q	 V.	 ''' 7:3	 73	 8,
.a. ..	 '73 ••	 5	 S	 8
a o t rei 1 2

o a c o
0 0 0 0 0 0 00

e e e ce



m

0

oc

oo
tn
6as

so•el-
4
N
<1-

c4
.—,

I
oo
c-i

,0
N	 n/‘-•!
6 as

00

6

V:, N

crs

III 11111 IIlIliui 4 °'
vi
oo

liii 0Iii 2
oo 0
""?	 '''''
0
•—•
Le)

1 II 0 1 0 111 II

lohlIllIlli
IhlhhhIllhhl .

&
‘C;
en

Ill
liii

un
06

iIhlhhlhllhliiiui
en
el

Ni;

--.
.—.
,_.,
...,
so

ON

ON
•n1

11111111! III 1111111IIIIIIIIIiIIIli
oo 6
sr;	 --.illCC o tin

cv
6

un
csn
c3

c-.1
c'l

so
h.
8

N

r-- —
en e,
Crn

0

0

‘0

cn

00 0'
‘n cn
N:
N

• rn6
V) Cn

.--1

.--,

cn
tn

Ncn
oo

c.4 s4 cs.1-Ti-
m

os. cm
ON
d-
m

ln

=

•c..s c
La	 uo
0 0 
0 8
= g== c02	 to
g g

•

I"
e
...
5
U

2
co
R
i
1:4

Ln
ce)o

NI Nts,0 —.

0
6)c.)
0

11.,=
to
0
8
g
a
00

g

CO

=
0::::
co
=
8
-
0:1

04

*-''S
= a
.8 e

0
g g

co	 co	 "5
0 0 .5
8 8 qz

g .v.
g ,,

1:4 m

al

A
1;
:::
5
03
R
1
04

02

.

2	 [,2,,
2. -6
0 k
a: 0

.5 i
C4 I:4

=
.s
a,

—6
..8

2-..

7<
0
0

C4

to
'a
.4.-.1
. EL
g
.
G
a

13
cn

to
.	 to
‘"
g 8— V
2	 `"'
0 .V.

0. ''''
8 '
f, u
cn cn

s
to
?,
.c
-a

IA
.P.
=

cn

5
e = §

to	 g	 t..,	 .5	 1	 ..
1?.	 EE-	 0 0 u —
gs g E E a
toc":3 5 = 5 to

E • a -a a 7,
a	 =	 0% g',0 Cra 1:j

0,	 = g
o	 ta. o. o. .o.

cn cn va cn tn cn

1
g...a
M cal:.4.6 .

.t
.g 0
o.
cn cn

•

,,,,	 ,:,,

40, ...„
.5 a
= 1740 .c
tii E-,

0

A
os,>.

E.

F.,
•-.. —49
.°

.8
>,

E.
...14

.a.
(2

'4=10
i

.c
03
>

is.:

2 —1
0 i
1 ao
;a 2
.1 a

-F, 'a
0 20	 i>
> >

Si
c.)
u
oto
'a

ca0
>

74
.*,	 ra
F
1 .13
,,,	 .''
%a a.- o
> N

ul
..s

;11 a,
a.cn

i'00
E. Z



oP
021

2

d

•Ir
rsi
..1

m

02!

cq
co

at

ei
co
co

2
op
U
U
-,
2
r-
U
V
<

2
U
U<

U
U<
2•uu<
2

0
`Is.'0 0

cn

Up

2
.0
d

ovlko
d

o

d o

N..)
U
<

X

cl

.4
m:,

0

_

cs4

.0
0

0

00

d 6 o o
-'
o

.11
o vp

4.
mo

..)o
a

h
h
4p

%ow)01 .--.
o d vi

%now)moo
d o

•a-
m

of

E

'0
C.)

ra<<<"<<<

s
41
§

al

.3

ta52°.s&z=1-4s

--.2P

6.ag2

co
-§	 .,..,

0

o

t't

5

8.8
5

14 E E E.
1 L5.-(1 1 . 0,7,ovg gill1111 .1 85.5.

gS

= e

.4-7111104.1
.2.7,...2i

es

m

Fi

a

e

'''118,:migA4,nVENA4Asaxxxxxxxxxxxx-
-6.6mi'61ivv gg l§l g 11§§ gg §§§ g 61 mmiclmuuuuuuuuuuuuuuuuuuuu

0°0572°

....

0
W

cies JD	 a
P•,

5

ma.02;g6T0'
s.o

Ei

s'
14 I§
0.2,--6. 1=

-8 Feu
m

buuragl

et0
.2.84.
A.4

S

S

co

§•
4_9E0.

51

'it
E P..

rid



00
,_,

tn 00
C•i

f'l

g
00
0n

III
1

II 0,

..„
0
(-,1
4

Ill iulli
8
d
c4

,r)cq
6

,
— d

III4
d

oo
—"
d

,Ir
I--
d

(4
o
d

co
,r
4

Hi willw.,3....
.

.. II
.„,
(‘1 N 11

.m
o

,,i
o
6

c•I
d

III N 1 --11111

III

IIII

2

I

II

,
e4

11II
o
`P.,)_
N

III 11111111Mwl0d
1111

am
d

.. a
.11 ,0
c-i d

I

1111°'
a

.

knc-1
a

kelod
cotnd

o
as

oev...,

oo
o

o,c)
o

W1
cnd

41,:t
o

0
CD....

o
C•I

oo
ON
<3

v1cnd C
o r-:

en

•-•
__, 0 (-4

oo

--.

0
*--.

c4sto

if)
0'
0

r—

—,

r—
en

d

VI
—4

d

0
csn

cqoo—.

1",
CO
dä

0	 0
en	 •—n

d
V0
r—

(.4
00
—.
cr;

00

o

g

Ti.
.3

.2,

.2-z
o

-
`;'
0.

8.5.3.

.,-
2

11

-
,

t

g
.0 . he.„,,,,...

0 ..5.

s 0.

t .52 ag§§g g e00.1. ._

t

'A
Ts

-,-,

0..6.

e
=

..)ca
ii,

-m
2,-?-'

0

'5:
0

a0

Er

B.
=

1710.

a0
• ?-1
8.

a,g45-11.-ziwwwwwwwt.r.w.ot..5oLD(Dc..,xxx

8E

0
•-•
0

i
-5.

•"10
Et
-

-v.

._
0.
't.3 2

- '2	 014E

8 'a

g.=
71,-.

'g

s.
8

.''

.z'.

.s

•E
z..

'

.`'

z.,

.
c.,

-

.`'

z'.
c=

- E‘.

81 .! ..1
.50. 2

B

,6 40
0

>N.=8 .8
>. ›.gg. .- g

.i

c.9.

...a

co

,.....

.

04: 0

4
'Z 8288880. 45 .,qrs-2.6 0 666666§§gg 2

,,E...,...
E

.

.

.g e t ==

'A . so
"42. I g

.0 4
. ., .

gg

',-.)5
,s0
o
.

..,

a)
CIl

i
%
..

co

2

i
-5
lE
i
co

g .i.

0.5̂

•r,
0

.

015
cci

0

as
-0.d.s-0

.

..

,

g.,
(0)

&

3

z

5

•a

3

.

a
0
;'0.
g

>.
...1



n)-100
023
2

I H

1 ._..,

.1-
4

n .1.

cn

-;,_,

10

^.

c;

cp
—

6

4PI
0?
2

so
a.
,-;

00
e.1 ,

I e-i 1
i	 1

en
CA
0?
2

N
C,I
a

1 0 /N 1
6 1

I

0
N6

1-- t
1

0
N6

I
Itt-,,

ca
03

2

_
0'.
__,

1 -

,e)
46

I
I

1

I I
,....
14

2
1 ti

C,

N00
cra
200
o
C)
-0G
2
N
C)
C.)
<

.IDo
• on

z
C..)
C.)
<
2
tn
C.)
(..)
<

2
Tr
0
0
<
2
c-,-,
u0
-1
2

cci;
6

3
esi

0en
d

oa.
6

oNI
6

0
C)
0E
2

FA

M

o o
•n/	 1.n1

CC

N.1
M.

oN
a

CNI.-1
1

.--.
—,
en

aev
C

tr)
(1-.

0'

:.1
1

o0e:
-.

o
(4
a

o-
cf.

N

M

soo.
,i

00a,
....

tr) ,
N
a

.
N
a

.00
en

*	 rq
06	 6
VI

%.0
C.

4
N
a

a.
tr,

en

...1

n

4o
t--:

4
en
ci

N00
ö

' a
0.0=.'
g

1 .> '

>,
2

3 . 2
.e3

- --

P.
ct)

€5
=

5

TO
T.

,-4

.	 .5	 00	 00	 ...
. G- 00	 =	 8 7) 0o 8 -
,21) i 4	 -

.2 t V, ..g 2	 .°4'	 g. er
° 3 73 a Ert go gg. =-4,..

z1 i E al I 3 1 i 1 5.8

T.	 a)	 3.3	 ....	 >,	 >,	 P...
.1 .1 .-4 2 , 2 2 2 2 2

2 .5>,=.. 00 ,z 0.0.0 °° g 00.1 .20400.b4
.g it o =a 00 ° .0.5,0.E622 g 7d .g...k...., >. .5

L
4-•	

CIO.2	 •-..	 a	 ,
.	 .0	 u	 B	 a.	 ci3o	

0

0) *z	00	 °	 0
g	 4	 ‘a• a. u ..g. '6g„,„	 c0	 e	 00=

A 03 0 4-1 E
I - -.; (A .1 • S' u i • h) ;

= p., p,000
ZZ.Z0004a,

V.
:—.

0
?,

003
00
1

, 4
' 1

a.0000

.ea
•_"rj

-15.
5

.03.4
. -	 5
" 715 §

a. a.

&
*CI2id
>,

E
@

a

g
I

8

g
: cs).,

a,—60000000000000

ca	 to
.4	 g	 . V,	 ca	 r,	 0 :a : .

.Ts a = . . r, 0.2, -a	 0	 ,ra	 ,	 . 33	 71

.g :4 M a ' ; i 2 i 13 1 -°-: : 71 .. 2- ° 88 .ca, 2	 E .00 . 0:	 8	 -	 0 "C	 ,0 .0 2	 ,,	 .c	 ..o	 z-a 2 8 o 4 -, 2 o a a. . ..q x x 2..
co 0 a o oc tu o m tz c o o e
2. 2 ° ° 2. 2 2. 2 2 2 2 2 ° 2 211	 r)	 a)	 t)	 43	 1.)	 0)	 4.1	 0	 6)	 61	 tu	 u
ow ' o" ° 00 o" ee 64 om ° Lo ob 0 2:4 o" 0° 0 ci° 0° 4 0° 4
SE 4 4 4 5 5 4E4 4E5 44

4 .5.55.55.55BSB
0 0a. a. a. a. a. a. a. a. a. a. a. a. a, a, a.



c.,
V)

N

Lelen
0

n
0

et
00
N
^,

en
N.
N

r-
CD

cqen

00
f•••1

aN
ci

in
(1
o

v-1as
0

os

tn..'

so

m-s0
•er:

o
N
...;

so
I--
csi

-,
NO
-4

N00
n
P

eq
cn
i.e.;

cl —,

in
...

Ci

ao
er
ni:

o
Cl
0,
r".
ce-.

co 4'
•—•	 .nI

C•I
so
co

tn.-n
0:5

v.),-.
0

0co
0

in
-
0

In

c>

.:,
00
ci

r- tyl
ci N
o
it)
nD

..:r
N
46

1•co
0

00'
en

'A
vi

1
ciso

.1 0
q N

n

In

0
a
oi

°A
.-1

P
vi:

,r)_
c:i

sot?,

....

?

4
N

N
0

V)
clo

0 0
11	 VI
Ger
Tr
Cn

CD ..
•-•
CD;

WI
-.
ON

•
as

••n1	 c--
N-
(..1
or,...

V.'
cio

ce
co
ci

...! ..>

00
Fn4 8

.4
.4
-;

VI
N
d

in
Cn

6
c ri co
.11 ("4
v
Cn,..q

---
4r)
N
0

ON
V)
c>

a,N
6

-'N
cr;
C.'

N
N
r-i
N

0% r-
,1
Cn
.7
N

0cC.'

N

00
Vs

V)
en

ep in-, -.
Vi

0
C'.'
ci

n
0

N
,..-:
N

?

in so
ClV....
co

4-I
CA
e:5

on
r-
N

Vi '0oo .-.
-;
VD
N

.—n

.4-C.'

til

000
0%
31 VI3.!

in
(1o

eq Nr
rl Ncnzzi

;a
0

Cn
N
.-;

i•nC.'
0

%/I so
r-t.-
Cn

--.
VI
0

?0
o
N
0

g
(-4
.cr

_

soors
0-;

N 0\
csiinenC.'

5

1

.-g
2
AA

'4

0
S

=.2...e..a.a.a.5a80,-6›,,-8,a.%.,

a
*.=

;
1

.

R*s

1.1..

8
ort
J3u.-..

2
.c

'a§

IA

a3

i

= .

iii

1

a.-

:B4.1ffi. gg :s,-N g

i

. 5

Moo

.?-18

g

R1
erg

z.a

.seg§

El...e

E=
0-.3
..

49p

1,

§

.s
0

I
g

.g
B's,or

or
1,
600

—

2

8
44o

5 .. --,B1

g"-5

is
0

.5

.2

44

ac4c:414c4 g cncnincnencnencnencncncarnE.

55
4
di
to
z
ieL

g
g,,Tg.
0 e
-g• 1
= 4
0 0

E
I
-
g
=

-0
rawon

P

g0

DA

ok.

OtHP..

.281

,-,
g
5 :a

Q 8,
e

bicR
cd	 s•ela * pi,

.6

Eg. a
tel.

1'4 ›.
g 1' ci. S

.E.
•a

'5
=2

•	
.e,
i
ca.
0

8
'a*C

5:7:S

te

A

i2 .4112.0,

F.. ..s:a.$412*ES80.2

...51
1..

7.6: '1E;
..

.8 - .4
'64_,>.	 -
r>>>>

g

20

hg
0

4i

bocel

S4

4§
'a
E

.i.

ti
,?'

ca*.°

1
a
P.
.0

1
N

rn
en

0
}yel

tt
8 (C)
H Z



2
u
0

I I
? 1

i

00
0
0 I)

..,
4--

h
C.)
0

I
1

I
rq oo
, tr)
d d

i
I

I,

[ 	 1111
I

,
i

,....cr,
d

0

U)

.r)0
cn

.cr
U
cn

o

d

N

U
(4

0
cv
d

.--.
U
cn

'
I II

El

U
0a.

11

T
srs -,rI...	 C.4

dcc•I

.c>
;

wi0
aa

d
N,...1d

(-4U).
N.00.

Ma

•i--
-

r--
s0rq

a

-
aa 111 1111
oo
x
0

o
("4
c6

0

,c,

::7
tr)

d

,o
X
0

1 4
d

P
0

-0-
Xo

w.,.--.
d n'c'.-.

ov.,
6

..-1o
d

n
a

cn
X
0

P
0

00o
d

0_.,
d

00N.
d

r<
0

4
,i
Tr

m 1 .
--	 a,
al	 co (1
=	 ,_,•2 ;
WI	 :E
a	 c)U)/< ¢

sq
.

2
:
110

gt..,,,P-'..1,9.

P
E
7;

—9

cn	 E.-2.0.9042..m0sg2-2-1315,111.,

iiigg,,,,..2.„

..q g
g 6'0	 ''' S A

.aQ .t.'	 ano ii-i	 o	 0	 0

ch §	 *3	 g)
5 43,

O. — c — 2
'8
o

g
Ds'

..2

..5	 g
o 0

.5
1

i
:-.

es
g.—.
u

'ci
:-.

i

-8
:-,

74

a

,1,.e,,,1:6,?,gmo.,,,,0....!.4.....,.cqa.-.E0aa
0.1

.

c

,

gs,
0

=4'
c

*5
,

x..2
g

Fa.

0
. R

,
<<<<<<<mazaLIMULJULJUUUUUUUUUUUUUIUULJUuuL..),AA

0
°

.-
g

cg

0

u2
'E
c

:1157.174--gggggW§Mg_11.N.J.IA"go

E

Po
g '5 ..,8 4	 00 .11.0	 O .'	 0 • ,g

..0	 E	 0, r,
— .5 0 g. g. e •a

50
E
E

co -8 .n	 E
'5 § 7.1 g
0^, 	--	 —.--,

.rg 7, ,±74-`3 .g	 a
>1 -E. -Ea > 5

.	 ._..e.,,,

1— 4.
Tu.

1.il	 `11	 N
E	 V.	 §L.

to . .
e	 u	 NI

0 :5 '.
-0 o o

I	 0



To
tIi-. 6

8
te;

1
CI
6

1

I

C
tn
--;

t-- . 8
N-
s°

DO r--
,r,

0
en

•:1-
r--

-.

I I
1

1

A

1

,e-
cs,
6

C
o
(.6

so

6
o

--.

o

6
"

or-..

r--:
C.-,

C
.-0
c.i
-.

kr)
•1-
6v:4

cp
0.
rico
..o-

c9
m
t--:

00
s0
6

0
•-n
6

t-4
kr)

-,

51-)
rn
.0.--.

o
.1:
so
tn
--

so
0
ri

co
0
c;

C

a
kr,
c.1
6

C
--.
6co

5r)
--.
ci,

oo-d-
6

0o
6
el
N.

co
-
r.i

.1-O00
6

o
6

cr.c9
6

coc.-,
c-i

C

5,3t-

v-)
C•1

6

en
en
c;

c
.-.
c-i

c)
cr.
t•-;

o
,c;
6

n
o.:(-4

,r-)C
6

o0
,c;oo_

co
"t.
.-.

c:,--.
c;

co
-c,
6

•
en
d
0C

•-n
6

(r)

Cl
c;

Cc•-1
.6cn

0
so
vic•-,N

vl
'?
--.

.1-
Cl
d

nn-n.0
.....

5r).4-
c;

,
C-0
6

0'0
6

Cc-t or--
kr)

5nc-4
6

.1-r--
,,,i

I

t--,o
C5

V
2 .

. ,"-E .-
8	 ''''	 q	 •-
0 , TA 43 i 7,-. .13
18 "	 0
g' 1 g 1.2 .0	 ::.„	 s
0 8
sz . 2 .8

or,

,--

I
VI
g

. A
E'''g
e

..1.1d

0
5

.

.4

.g48
=P.

.-800'5:0
B

-a
"§:a.
0

r--01-..,

E
0

b
0
•-•

g..a
0• EL

0-a
Ai

04:1

.3
aa

.2=cr

Ez0...
B -° .1"g

- 5 80.,
E

2 •E
g 0
- 74z	 0....-c--
cr z

AWiliflIMAILli4WWW411.r.i.i.t.10CDOLIC.7===.f.

0

•	B
0,

700
.
8.-0

adc.)...
-

9 i B•	v	 ,5,. .-,

c* 2.2 °
:L2 .1 ag a E

8 =0 - i.-,
o	 as

. .

0	 as
°E

Ts To 0
.c .c .c
8 8 8>, >, ›,-. -, -

aes
g. 0.	 .-.•

4	 8 . c..".
-F., ..	 ,..	 -

ao E c..	 co	 0
&• g'c'=
0 0 2 g.

•c -c	 8 -8
8 g . -Et	 ,>. c. - -,c,
- •- ›.

aoe 25 0e-0-22- 3 e
.?-'
.

&

4̀
.2

0.,

.3-.

i

,,,
,4.4.,

:::.'.
g

=
.2

fa.
-@.

°°85 .2,2

r,r,aa0===z=a

.	 „,„
2 e' 4 . E .
°.-.	 =	 0

' CD0'3	 .̀.i 5 2 .D
0	 us	 m	 40	 04

. ° 2 2 0
.	 5
.5 .2. 4 4 .-1

0
55...
0
mj8.
03

2
g

;,

co

.
CO

2
.2,

p
'c
=
.=

on
05
e,

.-5

.=
400

-
2

-,0
, ,,
co

2
.g

L
0IT
E

-2ic,-
1
00
.1

°
- Oh
as
g

.3

0
•
es
g

 1
0•'"

•0 'S
es	 e.9.
g 1

..	 .3

01a
.a

"c'8.
.*.ici.
..a

Is
 w

E=--•
§
.-)I.-1

'0

0

8.

v-E.

1 >...



....
C.)

cn

n 0 1

(11 I

ii
i
I

I

ii

I

00
C.)
C,,

I

I
I

1

N

cn

Nci
ci

o
os
c-i
-zr

cn 1

I.

-,4-

i

/	 I1	 I

I
I

I

1

nI-0
cf)

1
1

1 1

I

	 I

I

1	 I

1

-1--

ci

ci

Nr

cn

cq
(..)

cn ,

o
0

en
u-;

.1:.

a.

v-,

o	 d o

cc)
a.

o
o

o No
— r
c•-;	 .,

o.--.
a

o.--.
c:i

rA

tr)

dcc)

00
cq
ci

N
(4

00
ci.

N

0

cc).-4
oos
ci

00-. -
a ci

‘o
-
d

(-4 00--, cg
Co 

Ncm

rn

ocq
ci

ces

5

..

g
=

 g'

T.

en
00
eh	 --;

0
•-n
e-.4
0
,-,

Ill

cn

g
=.8

24'.a

T.

..g

.3..11,41

.21.a
al

'61T.

.c
8...„
2
e

,_,.3
=

&
g

.1

5'''
0 ,-.§

*4 ..G. .
Pr. 0.3.g
os	 a

a a0
2 2

_

,
Etip

;'

E.,
2

5
g .xl	 =

c„,
.	 8.,3 0
0	 CO	 ''''

.-= ..=	 .9. -0 00

>I T. T.

..a>,>. _5 0.- 000 °112.•

c)-.0.E.E8g2g7,4E.4
2 2222zzz000

5	 g
.•---1	 2	 B	 8	 2

at	 K. ..,-4	 ca .o ._
g t ca	 1

= A.,	 , ..8	 as	 0 tZ	 a

ft,	 A 2 .5 .5 .6 .0
0	 Q. ca. 0 0 0 g
T. = p., >, 0	 u	 u	 ,

!:
b
.
ci
DI

0
00

.4

...

'5
'.5

0

-9.:co
g-t
tc1E
.
0
20

0

.4
›..
E

A.

14

.0
§

a

x

m. .2
o oe. 
a .0

a at

-E5.8
ca.

s

o
go

at

a

• E

o
4

12.

:g*
;E

o
0)0

Clg

g4EEEEEEEEE5566E
o-O000000000000000

- g
- m

o o
rA a

A. a.

0000000000000000

=0400000000000a

:-"But

75	 Z
o

-is	 a. a.

o o o
O4 X) a)

a. a. a.

...g
TA -F.)
a..c . .

o o o o
'..11	 245	 ro	 Ot)

a. a. a. a.

•

o
g3
e

11.



6 ,

I

0

I
i
I

ore)
a;

r-

9-

kr,.-.
6

1

'0,.,1
c-i

n,-,

6

-.

c‘i
,o
r-

n 

.4 J 1
1

I	 1 I	 r

CS

.
0

-.

a:

fl
CS

'7r-
oi

cl-

CS

....

6

cr,

on

0

-,

oo

te)

In

N
cr,
‘n

'0
o

G.,
c..-;
ra

r-- oo
'r.	 •-•

oo

o mt^4 ON

e,i csi
•ct
c•-;

,.o va
r- --.
c--:
00

v.) cn
o

c-.4

CS o
41

co	 I1
Ch
—.	 0

o

0
Q-.

00
on
6

v-) CA
WI •-,
cc;

co os
a:

0

0

tr)
wl

oo

("--

CS
cl
0 .–n

,I) oo
un
,--;

I.	 0

.5 -5
.g.	 I
u =
w)	 co00
a g

i I

CS

5a
a
.3

a

p..
,t
a
2
c.
t

oo
6

oo
6

ko
rz -.,

co tin

r-
.1)
cn

... g 2°° ,)
aaa g a

.1.	 Zi
Z	 '"	 co
8

. 4
• :6

..= :–.	 a 1 11
co	 co	 co	 an	 C000	 = • .:,),	 a
0 0 g a e' .

°	 °	 C''
g ° g 6 'Q4E g Eoo4 'a g ar:404o43 1

= 03 P.

5	
MI 73
,, ,.•:-	 —

..b	 .3	 z),	 .....	 ,.9
; . 0 To g
7,', .,,E• -t	 2	 _s.)
a. b	 >. 03	 04

. x -°„ •	 8
t '1)	 t'

' 	 e E 44 8

..2 B4	 co
= . -5

C .1

. 	 .c....	 4),
-

.g 	bc'
. r5 3=

gi

cii ,Y)

. IS.),
Pr .8
cooe-e....
g'	c's

`cA ,2

z
Ea)
E

S0 
0

'14

63'

E a
E g ."
,..,	 a.,	 =
0	 7	 ,.‘

6

.2 	 2 7.,
of

rig
a & .9.

',E	 t....7,
e. _. ..1	 0.

2' .., :a0
>1 •5 0 ..g -5.7..-.

a A ei .FE H

,o,

..*

'8R.;
H

-
—o9....3
'..a.

Z..•
44•a
>

E

0„gc„,
z.0

.0

...

'ci
>

174

..a
exn
2

C*t..)

•a
°15
>

i
0c.)2

tit..)
'a

>

°C

--'cu

--g0

•

.
CI.
0

°
•

N

2
a
0

/14

A'
E-4 '
0 0
'Z



0
cn

I
in
eg

U)

o

0
u)

-7Co
cn

oo
6 I

oo
6

g
U)

ez
c-4

o
,i
..et

Ln
,0ocicon

kr.
1-.
d

tr,el
6

i.---:.
U)

...1
U)
d

,o
U)
o

0

6
0
L(
6. 6 .o

•tt.

go

en

46
—.

oo

.41
U)

vo

03
U)

C
6

in

.21
U)

•d-

0,1
U)

o
in
d

.

en

.21
U)

c•I•tr
6

o
Cl
Cl

Cl

c.23
U)

o...,

6

,er
o
2
U
cf,

asi-
csi

NoCl
Cl

cs,
0
2
C.)
U)

o—
6

y:,—
6

a
2U
U)

.
m
6

.
v.)
6

Clm	 ..d-
1.

—n 	 6

0,
1,C)

.4
".3
0
6

00
n
N

n

„,

E.)-

n
E.)
U)

tv
.-4
C.)
cn

o
•—n

6

C.)
cn

0

6

C.)
U)

N

E.3
U)

,r)00

6

—._,
C.)
(/)

0_
6

in

P

141
,,,

.

-I

!I...

:.20
a

wE°
?g
-a.

m.1 .=

g.
a a

=
49

•-•g

- .°2
-.‘'

n.....

1

2.

.o

a

q=eAEE8.7,..N.:-.-..:-.-=

g Eglie4
.1

.

.

9

m o rt .0. o 0

04
z § -a

..?," = "5s,.. t	 c.,

- =ig.2 el	 0

< <

Q
b,,,

xi

.
P.5 g
es 41i -0.	 =I A.

C)0)
8	 'A f, fi0 0 .d=	 13 •.9.,...F.

-8.8 s. 11174iii .4:1 ca o o

.51
"2

g
.
1
•...9

o

.s.stip,a•
g
a
a..,
.4

c.)

S
le	 o

to
00 0

•	 •

o u

.---.
1	 o,

0.	 4.0e3	 ....
 1.-4	 44

.1 2 cor.2
1 k x

c..) o u
uwt1 g 11

Oa
t

k

c.)

:a
x

o

,...,, E a
.2

o

x

g
'3
• Ei

o

'A,

`65

1:

° 13.,
R.

o r...)uouc.)

0 's Bs	 ....
e % i

'
0-m

—so2i.—sgt.

xxxxxx..e= „1 .8
IgElt§Egagfigg

e

5
-8
s 1

—,..,
> 1A, 74'

.

0i '

9
0
—

si

Eibuno

8.

s
50
El
si

-4

0 T
2 5
t 

I:
e § §0	 ...
t t
Z.. Z-.



enso
6

en00 en00

8
N....

oh
N:
n11
co

en
VD

6
'et-
VD

6
okc;
6

vs
9_
en 1 Co_

10
•-•

eeiel

Co
r6

•st,o

6
l',5

oso
6

V)
N

, 6
asCl

so

' C
,o
‘O
cr,

un
cl
6

o

I

g
4oktn

00—
r--:

kr)N
6

C00
oc;00...,

kr(-1
6

tn
,zr
cr;

,

or-
r-:N•1-

.-.
o
erei

o_
6

oo
ci 0

‘r)N
a

0,_,
6

,41
—,

6
VIcn
6

g
6

Li.)N
6

oa
saas

en,_,

6
c)to
o:

i

No
6

(,)el
6

. 11(-4
6

o'41
—

tn,_,
6

N

0so
6

./) 8
N.

,r)c.1
6

•
0
cl
—

00ch 00 .4

'41
on

tvi
N

kr)
cv

6
00
<I-
6

kr,
0
6

0
a:o
N
(-I

o
ci
—
cn

kr;
"ui

o
%JD
6

N
0
a

o
te)
6

g
2
.51
0

. :+1

Af,

..,

7,.,

Ch

a
,

,-..n'.0....0

'''''
4.5)

0
el
I.. .?

g o
74

.

g

m
- -.

g
.gE
:A
A

E
2

o= 2 :r.-- ggco a=.

e. "c "

4a—a

2 .t
.h

.=
i

7,

Z
i'

....:_.„•-.5
Ei..a.,

5

a

.t:i
2

Z
... FA

i'ai
::-..;
0

CI

a
2„)

6.

g
7.*
cs.

a
g
cr

a

...8
g

-c
2„,
ri

clI
•CI
V
Pl.

...
Auluarowwwwwwwir.l.t..00ZZ,.............

Essos......g..00

0 .3,0 ,..11

..=
>,

•••-•
1

0

-

71
8.

.±..)

0

.

•-•

•

m
we,.

.0
' 94

c-P

00

.9..iggq=„9.W§

....k.,.k.,..?..,..>.%....

. g

..5 .p

w	 co
.61 .6 .5.,
0 0

s
*,

-r)

a3

xco

0

0

Ecd°32.".'El8.-0.5.-u°4°5.9.49.

..T.
04

,.

,t

1
..a
4

os

.a
8,
II:>,

S
—0o
t-.
Z
0

>.
18,
Iti>,

..._—

M.
co

--.1...,
^g.

2=

.
ts. -

03
^.

41
a

o
0

a

7

E

=
•	 -•

03

(-),,.1);';'gg

a°

0

Oil

C3

P-I

1-is.go=s0,..,ci.,-.

o la 500 ==0.2.0

.,gggsggg

. a

X)

0

P-6

..
1

,IZ

C3

.-n

.0
IAf..,63

Z.;

t3

0

i,

Z

A)

0

.1

k

•	 ....

0';'`;';';'111

o 8.,-.
a

0 Z
0

to • a

C.)	 bi,

., .1

6'4A).2.4-.E=='=°

`5' oo
.5.	 a

03 1 Z S.	 +-n 	 . ._,	 0	 .
0 =	 0

.8 a .z' I:3	 E/33)
	 73	 Za

a	 a pA	 ''''

14 .1

2
so
EL

'1)
'

ag

I-4



.
U)

1 I
1

I
I	 1

,
I

IT

i

—
<
o

U)
1 I

cl
F
cr,

oN
t-i

cr?
.--. I

I	 1
I

.0
,—

c‘i 1 1

...
F-,
En

0

1n1

in...

1.

0

co

cr, III

•

U)

c4

IIIIIIIIiI
5
0
t
F

E
0

§
. E> .

•o-

1,
2

c-
o

wo
0
a.0

.
.g

c0
9

1	 0
E
)...
a ...1

10.4.

. 85 =
t 0

E	 °'
.5

.-4	 '2'

1

;12c
g
t
>,
0
i

g
0

g) Zi
.a0 ..,
0 2

. 5	 ?,

2

13 g
It
0
2

. zw . . ,8
2 2

?,	 '',
2 2

g
5
rd

03

§
. k
o

.,

2

g
- -:
A

ra•
z

,

":

,
' m.
E
z> '

II
s

2.
"'

a,
B
z> "

5
..0

0
0

. °A

o

3

,

:4

o
M
3

0

5
g
. g
=

3

0

5
°

—

——
,b

w
.

•	' • - •

.g

:E:,

a

ea
e

•	;	 0

a
4 4

,
.4
5
a0
0.

4

00g

a
g
.......,

-4.5.:
oSZ.'.2".›.'.5S.SSSS

"pi

—
*,„ —=	 .-.

o..
—ea 2

0 0. . 
.0.0 0

4 az

JcIES555

0
e ,

t g. r,
0 0

0 0.
. or,0 0

.0.,a0c.:

000000000000000

<A

—
- a

en

8 g a .
.—.	 0 	 ?,

0 0 0. 0. .0
co oo oo oa or,0 0 0 0 0
BE 5 5 5

4 4 4 4
5BS..55

..".
;-'•	 c,

L.a
0 0 0
r .o bo &

5 B BE

4 4 4

•5	 - -

0 0 0000

a

. . Ei.
0 0 0.
aa oo es,

B E

R. 1E..' R.



.....

...

..y

dd

liii
111111
11111111

II

111111111111

0 00

II .inooiiuii
1111 IIIIIUIIIIIIIIII

I 1111
lIOhIllIllIll

111111
(7.1

t-:
r--
-zt

tr)
,r)
a

•

a
4:'.

v)
en

cl

oo
en
,r)

Cn

en

.--.

-n

ea
e--
4
cn
,--.

ca
cn

0
eq
a

cl

v-,
a
d
a,
oo

en
-.

a

ci

-n

0
a

•—n

8
vi
00

°`

•
N
as,—
cn
.-4

a,

00

0'N
a:
4.")
oo
(-,1

•""

000

Q2
co)
<
2
C,74

0
[--,

t:

o
z



-4-
Z
U

I

1	 I

' e
1cl-. i

1

k0
6

°00
,j
-

I
I

i I 1 1 0
'I'
0

0
("I
6

(-1
Z
U

1

oo
-.

v-,
oo
6

so
c-4
6

o..)
(-.1
000

c,,c, ar- 1o tr.),o I-,
6 1 0I

i

0
-

6
tr,o
6

1

i (-,4

(-,i
,	 -
!

vir.,
6

0oo
,c5

0Nr
6 1

I	 I

n
I

I
I
I

1,4,;,,
06

I

I

I

I 1

o_
6

__,

N
[...

II

t
v-1cl
6

I

1

0

N
E.

co

,c,
00
0,

c:,
Cl-
tri

0
(-I
hi

N

N
E-.

I

I

,r)
0
6

.o
-,
6

as
cri d 6 c5 6

nr,

F-.

v-,
--6

,:r
[-.

oo
•-•

•
ino-3
e-i

oCl)

0so
6

0-
6

o
•'-'o
cn

....

co,
<
orn

,0cn
6

o00
a

tr,o
a

kr)
cl
c,

N
<
0Cl)

,
6

n
csi
.-.

.

6 h:
hl

s..
<ocn

n
a

ocn

WI
....
a

000•-, V)
6 6

CO00
a

00CO
a

•zr
oU)

oo
c•-;

co	 E	 2
-1-•.:) 	°2	 0	 . r. 41
g a	 4u	 B 0 74m	 4 4) N

e A .)-	 rg . 2	 g '' ' i . 4	 1 . 71	 `e'	 4	 u •-•L., ..,	 ,, -a	 i	 0	 .,.	 -4)	 02	 §	 e	 g 'COO a.' - 6 .0 1E-0	 As' Et. P..,	P 2,,,	 g 
	 40 'n	 B`'E .11	 OA p,	 .	 0 .a	 ‘"	 to'

E-q 8	 bo.?.='S's`-8 . 4 g 1 . .' t.	 0 -	 0	 8 ., .3 0 -g E	 . --4 0.. 1:6,	 t	 . 0 , - .- ...,1	 !). .p. -s	 2 a	 c°	 CO
. 	

CO
c,1.:-..i0Em.5.-g°-	 =..o.... %...̂ 	 0	 .4	 4 -9,.E 	 9	 b --. '-' .o	 p	 os	 4 .N -0	 P. co w 0 :,. E .	 = E 0 .0 	 1) ,g ...g -4 0 0 o 0 a 0 o oa m	 g = Q. 	 A-	 , 0 .=	 cu 0 -E .Ev3	 ,,,,,'	 °. 4:3	 CO	 .3" a . C,)	 ° (4	 (") ',,,	 0	 0	 0	 0	 ca, * 	 'fl 'fi	 g	 2 '.0 '.5. • 	 >)	 fa, Dig >	 E 	 0	 0

Q	 = 2 8 E Ect —0 0 ._,-, CO_ 2 =5'S*.G'.5.,...3AA.8xxxxxxxxxxxx2vszoz,z„
RI, .-g °Q	 04 :2
C	

. .-..' -9 ob4 'a.- -6cq .2-.3.91!•§11%gggggggggiggg.g.f..).13112`2CI) < < < < < < < < < xi iziPacp uouoc.)ououououououo c.) uouociAQ



8 ,

(-4

I ri I

I d I

I

lp

1-1,t)elv:,

, :tr)
,e-1
6

IC
c-I

i ri
c-I I ,t

6
I 1,rn

el
6

ov-,
-;

I
I

v-,en
6

ICr":-4
1 C,io'

v-,c-i

I o

I

vi.--.

1 ,—i-
I

+
I

L1
1

0
0. 0`
.-‘ n tr;

+

.

.1-
,0
d

1

0 enrn -4
a d

, I

1 00'Co
.et: C'lc-i

I

C

ri 

C.-

--1--,

1

,

1

1
1

0

.

o
t -I

I
I

1
,I

L	 t
I

,

I

,
-,..7r---1
0
,-,i

1	 1

, [

H—sri

h

1
—I—I	 i t

I
1

o
...i I

LH

.-,N
6

o

'

'0
oci-.

I

6
C
6

Lri •-n
v-,

I cl

c'l 6
-,

-
U-)
6

o
..e:

tr,N
o

oen
a

en
0

elcr,
-n

oov-)
N

cl
C d

ec,
C

'1-
‘0

,r)N
a

tr)N
6

N 0

CC
q
co

•-•

`r?
-..

v)
N
6

y:,
6

N
6

v.)N
6

00
a

o
cl

C,0 ,r)N
6

0en
o v)_,

v-)

o
cr;

0
a tilo

NC
6

NN
esi

N
kri
csi a

o
c,

Cen
o

oor-
c-i

oco
-n .-

v-on
a

cn
o

,r)
eei

VI
c,i

en
c‘i

-1-
6

Cso
6

0so
6

N
6

C v-,en

-,
sc; ••n1

g	 E
...9.	 ,,,,	 i

3"'''''	 VBt	 a .
8 '	 :: '; . E i L''

.s.	 z -g,	 a. 0 =
ts. ...00seeee= —
EE ° Z e 	 2.2 -8 - 1 2 4 4 :8

8	 ,I "A 7,..12. rd.
o will w4 pu 14 i.0 w

0	 es
0

.4	 -	 os ',.=

i g 5
0.; .2.,,	 n .0.-

a.	 401,-'ia . 0

a B •C
g g — cl

.	 ..=
0. er 0	 0w w wa.' 4.,

.-	 s . g.	 s...	 §...	 0

..,,,,:)==x,
CO	 "" as	 0	 .3

" E .6 .F, I F). E 0 0 .
74 "4 .?.. .?'. z'c., (.., (.7 o LI

g	 es

.	
... •..5...	 2 .ti	 .

-	 e	 g a-08, poi)	 z	 ‘9.	0
u.n .,1

as	 :9 .o	 P,e,t,	 a
'5	 16.	 8 "8 .:::	 z	 g0, 45 .45	 .3

.= 4 -..,a . > s	 >,	 L.
,..,..ZX	 • 

E

0c.,

c0

,a

.

 s

—
'

a

*E

A
;

a

..
g
0

a.0
;'

a

c;—
0U

S
00

g

0

0

0

0...

a

-00
=to
;
.
a

ca.1-,',

bo
o/

- -t4
''d

..
HEE

*P0
q

,1

1

'4

.c
''
'd

...1

"c1

8.
T..d
3

s

E

=

F3

.-1

()
n
cz-
>.--.1



a
Z
U

1
I ,

I

I	 ' I

1
1

cv
Z
U

1 I

n

I _i_
' 6
c":'0

I

I

,

--n
2
F-

r-	 c)
cl I	 NI
0	 6

I	 I

un
—.
6

1
1

I

I o	 '	 ' Tro;

I	 clNi	 0
I en .

1

rf

1-	 1 I
E-,

. 1

I

I	 I--	 1

I

t

I

1,,
a
dl

I
1

—
2
1--.

i
,

0

00
2E-.

N..r1
n11

6
4

N
2
H

c,
cc,
cci

1

F-.

0
N
6

0
o.
6

‘n

a

aN
ci

000 VI
a
6

en
2
F-

0
co

NN
6

oN
6

o
cn

.--.
tr)
csi

r-
N.
a

Os
d0en

VD
--i

cp coN 0,
66

s
-.1Go
en

00
s.0

cci

`.0

0.
en

r`l,_,
6

so
d0
w

0
6

0
vi

ONO
-4

r-N
6

oN
6

Go
Cl‘.0N

0N
6

a
•tt
o

'0 0
,e) oo
N cci

0
tl
5
E
0)

1-4
0

g
=
.g'

2

w-.....
g
u
Li.1
515

Of= • g

.E.
ts 	 .51..

.-5 -5
g g
ig	 .--•
4%4

0
C

.D.'

1
5

.-1

0 : I	 fil

"Uf4
a R,..
5 :

•S
g

-1 2

.5_,
.:::,

4.

r.
t
;,
e,
2

a

g
0,
,.
0
5
2

es	 ft3. -tz
.•

.6 
5...

`e3	 g'
g g
.A G
2 2
?., ?,
2 2

50
.2
1 .7;

pr.
oz.
g
t'
?.,
2

E 	

8.. -8.1,0=0'5
T.,"5. "8.,

5
=
Vs	 V.. 2
0.	 Sn.sgeiii
03	 .11•Z

g	 E " Ll0,:„	 to	 ,., .
= 2 co 43 03
� ..	 t.)3 '5 4

E M
4 z z Z 0

g	 °'
,00tzt
u 2 :15 ;'20,g0
0 I z	 r.,
4 4	 0, ..E.

2 g 74 5
0 0 a, a.

!..?4?-0§§)

,. - =	 g
.t3	 4'	 •-....-19	 sf'	 " g g	 r) :P": I

g	 ca, S	 .	 .y.	 E	 en.	 42	 .51	 '''' 73..	 u;n. .p., s A .4 Q. = : El i 1 ..- 1 —0 .g.,_ 2 i 2
.is. 2	 E	 , E	 $ .R.; . 1.)	 (.,	 4,	 c, t 1	 el .2

0.*	 x	 x	 g'..c 'd 0	 JS ° ' 4	 2 O K, 8.	 E,	 ›, u	 co	 o	 C.I	 .-,

0.4	 gagg g gagaggag g g
..°- i iti	 e	 e	 § 2 2	 '2	 '2	 ,..?., 2 2 2 .2 .2 2 P. .2 2 P.
.0 ; 0 a 1 4 4 4 a ga 4 4 4 . .4 4 4 . 4 4
0 0 ._>-,

g E g § g g ill g g§
00000000000000000000a. a. a. a. a. a. a. a. a. a. a. a, a a. a. a. a. a. a. a.



v-,!
-

0 1
04
0

J.
co
0

n
0

',c‘F.
lc;

,w,'18
0 -: 1 0

fooo 
I,tr,_;

i,

r.:
0.,
00

c..1
c.,

ri

I

I

a,co

ot---8_
eq

IN l oi
1

Lc,
rji 1	 1

000 c
00
0 1m	 0.0	 -4 o a

o
•-4

v-)
,•-1
ci

,0s
....,

to

_	

-

'	 I
--1	 1

1	 I

•	 I

I	 H	 1	 I	 I
_L	 .1

00.--.
t

I
!

I

1-- 1
-;	 ±	 --f -1	 .	

'	 '	 r	 r	 I
0 1

i -1- --I-
g

1	 1	 11 o4
d

1._
i:

I
1

el

I 1
.
,

t,

.si
d

c..,

I,J0
oc;
--.

'-

1
v-, 00 0 0 00 s0,--4-.
d

C•100
0 0 si

,f)
0

00
00‘4D

( I CI
0.1
v-,
Le-)

-

en N
N

o
0

C...
00

4 si
--•

00 0 el N Let
'C'. 00

ci ci
el
ci c

'0i
c:IK
cl

a, -/-cl

0 ,...)	 v-, en oo
vo Ci NO I"- tn	 .--.
N 0 CO .- 4 c• ias

un
-•

ci
c) e.,-4-
a

kr,
0

en
-; 0

v-)-
a

o
C:-4

0
0
si

(.1 n0
00 -.
aNCl

0 0 el el
00

o N scl
nfl Ci 0 0 '0 0'0
00 _ o

CO N-

4
00
sC1

00 2. n c" - (-.4 .- i-i
.4 a sisi 00 0 4cc_,

-4
coCi
si

en v.)
a:

M g

.--,
0

el
0

tr)•-.
a

0cop
a

'n

a
cTI

0
8
ri

,r-)cl
0

o oo.--, N
on-4

00 v.) .0
cr:.-; 00Ci

E0
.9.

r 0u
02... Irs	 '''

_
tr4

0 ce 0	 5 .
2 'S	 = a0
..4	 0	 -0	 v,.2	 g, 0 4.)
. 05Z1.55	 g. 00 = = :-.	 2
"La to mcoS=	 ==z•

0	 •E.	 E	 E0 0	 0 cu

E	
= ... 0 - -c.,	 =	 a

.	 7,4 Z	 co	 0 0.4 .a _9	 0, :,.. - .z . 0	 0
.-	 t	 . .4 ..-..,	 ao	 g .2 .22 .E. a	 - c o *c.	 .5 -.a	 . -8 g kt .N

- " 
MRa..3-,,	 -a., cr5	 =	 CI. t	 .°3	 a' 	 -5 	53

°

E	 g• 0
E 0gg	 . 2	 .3	 :1-1	 c'o	 g	 .l .-	 al	 0 .....RE Is t ;a	 .	 v, 75	 = 5 -_, ,r,	 c
.35E c	*.c,.-.0'.5..z0.5.-.1...)	 4.)	0	 8 -	 '	 c -a .f., :LT E .2	 je 8 'c	 ".5 	g	 A	 6.	 8, ii. .5 *0	 0.. i 42 	0 -0	 0	 0 r„. .v..-0 5 5 E
E 'S .a e 77; 2 " .5 :a 8 r' c *c n 8 754 .2

(I),e)
<4
0,._, 

at.,..1

OSSO§S .V. R. a&kXg8	 - 2.0	 •- g a. 11 8
a a = 0 = c 8 i i .g N 1 1:43 .c E 5 =
a g claaaRaac44c4,v,),A,c,),,,,),26t&cc„i. cval .diEEPEt..›>>›

=	 .	 . .0 -,:,	 'A 1 8 . A .E' .2 -a -a a. ..g	 0) p.4 ,
-	 a ..c .g . g 'F-, 7:, "A ti. 0..1.:	 1	 i',.. .561	 2

5 4

4 „,04
E(....5 	 0
E- z



•1-
CO

02S

,o
cn

6
oo
•—•

6
st-')
.1-

6
I c,
4:,

6
' '

cl
aa

co
sn-4-
d

.21

co

C
wp
6

tn
.-.

tri

tr) v) o c.4 s o u-1 u-1
vnI

6
.-.1
6

VD
d

0

so;
1".•

(..i
VI
O

0

6
•—•

6

C,so

so
6

.4.1 so — c-4 o.--• en s.R -o- s

v-1
6 6 -. 4 ...;

o c:,
N

6
.4-

c•-n

Na
so;
-.

ov-)
6

in—
0

,4")C
,I:

cr)

w-1
—

0
w,
0

4
u-i

.1
0
6

-.

P
0,

6
un

6
Cso
6

c,
•n1

6
o
1n1

0

W")
0-

d

VI

d

0
co

6
se.)so
6

co
Tr
6

0

6
oc..s
6

sel...
6

v1so
6

o--
6

co 5 2
.	 2 S 0 --4

N
en

co
. 01 ..

E

E.
:—=

-2

Ei
ro
-E3
o.0.=.,...=.

c's
6
04
S

a-g.
.a
ea
0 t

. .
v,
0

._?,

=
E
0C

-

.'13
:8
.2 ea

-.q.,

;,'	 s	 ..,,,
401 4	 3

•	 -• JD 	 —	 os
5 7, ',	 .4B,°,,,Y0.2

i
bb

g .?-1
co	 o	 2	 ..

'G	 o.)	 V	
g

C 	 49.. •E -

`6	
4.3

E
5	 -69 oE E .g

-0 s	 - 74	 - .g. •B g
4
z

Eco
51

co—
'E
g

t
E "a
g

2 ..:-. e 8 . 1' II .:1 1 2 2 2 0 a t'4 1 g 8 O. ,	 41 .. " " ° "E "E

11
c.,

g
.—.

°05 •.7 g ett
e

E
.

137,,, _ t:-_-, 401
m... -

g
-	 g . ) .b.?..s„9	 0	 .,..,	 ._ ...74 .- -n 1 1 - -,s .8 ..,1 .11><XkX:- •-.4	 "X X ta. a' 2 . 4 2 > 61 "X	 ?.5><	 Xx8 g t •	S" •	 '2

Le.,
cn

:g
< .<<:"y'

e gQ. ,2 s
74

a
< <

pi,
<

No
4

g
gr%

:2
cc%

12 5 --g i 74 74 t t t §Carauuououououuyouc.)ouQuoubboraci§ § § §	 §§F.)A 9E41 g g



' Co 1ri
n

I kr)0a
'

1 ola
1

1
0
,..oa

i 1 kr)ocii

1 (..-ta

in
Na:
en

Vl
oa

‘r.)
cia

..-)"a

en

6 a o
ci

o

ceia.
co
o
Ts:

r--
oa

0
4-.00

0 tf)

a

.1.00
-.

,r)
cn6

•ct
Lna

0
sz:oo.04

,.

0
en0 0'

N
el

0
%.0a

e'l.1-
4ol

IN
cn
6

0
-4
CC

00
-4

• I•
so
6

I1
00
C

‘r-)
cs,6 enm

ton
0a

o
en
4soo

cn
•el•
oi

o
•--.6

elVI
ri

C
00
4 a

0

cr;

.0-

0
soa

eV
r--
cvi

Cl
r--ri

N
a

__, o‘I'l
c•-;ol

4
4.--.

F-2
Mm

.7:am

oo4 ,_,
0
oi

o,
R,_,

.0000aoool

sosa

0
N.a

,0
N.a

can
Nia

0
r•-•a

0
tn6

en
•—,
d

<4•—•
,:,

.4-
0a

0
•—•a

.,

00
C.1a

,r)
el6

vn
000a

en

•-;
0r•-•
(--:
kr3

0
en
a

(,)
•—n
ci

0
fl
r:-

cl
0a

..-,ola

V'
,0a

0
•—•a

0
'fl
4

0
h.m
cl

0
4:,a

,e1
o
,..,

g
2

. 5.
k.)
OS

—kr)

E, 2
u

ta. . ǹ
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3.5b Main channel vegetation database. Raw data and
summary.

All values are estimated mean biomass as gDWm-2. Actual cover values
for emergent and floating-leaved species may be obtained by dividing the
tabulated site values by the biomass constants given in the second column.

The categories of vegetation listed in the Summary Tables are defined by
the species listed in Table 3.1. Adjusted biomass and cover values are for
areas unoccupied by emergent plants which are potentially colonisable by
submerged or floating-leaved vegetation.

In three cases two sidewaters were in such close proximity that a single
comparison site was appropriate. Hence no values were obtained for FC4,
FCG3 and TM 18. In comparisons the main channel sites paired with FC3,
FCG1 and TM6 were used.
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Appendix 3.6 Environmental data for (a) Sidewater and
(h) Main-channel sites

Details of all measurements taken and full names of abbreviated variables
are given in Table 3.2 and the fold-out sheet at the back of the thesis.
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APPENDIX 3.7

1991 INTENSIVE SURVEY - SITE DESCRIPTIONS.

(1) LAN 12: Lancaster Canal, IIest Bank. SD 467647.
Physical:
Typically-sized, silty winding hole with soft, tree-lined banks.
Disturbance:
Moderate traffic (c. 3200 my) on mainline. Occasional use for boat turning.
Vegetation:
Narrow stands of emergent species, principally Acorus calamus, Iris

pseudacorus and Sparganium erectum , occur in breaks in the canopy of overhanging
Salix spp., usually with Epilobium hirsutum or Oenanthe crocata to the rear. In well
lit areas or where reed dominance has been suppressed by cattle trampling a variety of
low-growing marsh species persist including Stachys palustris, Lycopus europaeus,
Bidens cernua, Mentha aquatica, Myosotis scorpioides, Veronica beccabunga,
Nasturtium aquaticum, and Juncus spp. Clumps of Butomus, Sagittaria and Equiseturn
fluviatile occur in deeper water on the edge of the reed fringes. The floating-leaved
community includes patches of both Nymphaea alba and Nuphar lutea plus peripheral
Sparganium emersum and Polygonum amphibium . In 1991 c. 25% of the site was
covered with a floating mat of Cladophora. Submerged vegetation is dominated by
Elodea nuttallii and Ceratophyllum demersum but significant quantities of Potamogeton
berchtoldii, P. trichoides and P. obtusifolius are also present along with P. perfoliatus
and Myriophyllum spicatum

(2) L & L 20: Leeds-Liverpool Canal, Gargrave. SD 933545.
Physical:
A small, shallow, silty winding hole with soft banks. Unshaded.See PLATE 3.17
Disturbance:
High boat traffic (c. 7000 my). Winding hole occasionally used for turning boats.

Inner margins of reed fringe lightly cattle trampled. Dredged in winter 1990 and spoil
dumped behind reed fringe.

Vegetation:
Site surrounded by a broad stand of Glyceria maxima with pockets of Acorus,

Sparganium erectum, Carex acutiformis, Epilobium hirsutum and Iris.. Herbaceous
species including Lycopus, Myosotis scorpioides, Nasturtium aquaticum, Veronica
beccabunga and Mentha aquatica occur over the trampled inner margins and gaps in the
reed fringes opened up by cattle grazing. Additional species in 1991 included Agrostis
stolonifera, Cardamine hirsuta, Myosotis caespitosa and Veronica anagallis-aquatica.
stimulated by increased cattle activity or as colonists of fresh dredgings. Tiny quantities
of Elodea nuttallii constitute the only aquatic vegetation.

(3) L&L 9: Peel Arm, Leeds-Liverpool Canal, Church. SD 745292.
Physical:
A truncated, short (90 m), narrow (10 m) arm with brickwork sides. Average

depth of 0.6 m with deep soft sediment due to accumulated macrophyte remains.
Substrate includes numerous coal fragments. Partial shading from adjacent factory.

Disturbance:
Moderate traffic (c.3000 my) on mainline. Arm is inaccessible to boats and anglers

and therefore totally undisturbed.
Vegetation:
A large bed of Glyceria forms a plug across the mouth of the site and extends as a

narrow strip along c. half of the arm. A smaller stand occurs at the apex of the site. The
aquatic vegetation is dominated by floating-leaved species; Lemna minor forms a thick
pure mat over half the site with Potamogeton natans mixed with L. minor occupying
the remainder. The underlying water column is choked with the submerged stems of P.
natans but still supports a dense culture of L. trisulca along with sparse Elodea
nuttallii and tiny quantities of P. trichoides



(4) L & L 2: Leeds-Liverpool Canal, Blackburn. SD 688281.
Physical:
A small, vertical sided bay with an average depth of 1.0 m and silty bed.

Unshaded. Urban setting. PLATE 3.10.
Disturbance:
Formerly a turning area for boats using the nearby Enam Wharf but now

redundant and apparently very rarely used.
Vegetation:
Emergent vegetation confined to two small patches of Glyceria maxim and

Acorus with scattered, larger clumps of Sagittaria around the margins. A monoculture
of Potamogeton natans with intermixed Lemna minor virtually covers the site. Dense
beds of Elodea nurallii with Lemna trisuka occur in shallow water in gaps in the
canopy.

(5) L & L 5: Leeds-Liverpool Canal, Melling. SD 385003.
Physical:
A fairly small but well defined winding hole with soft banks and an average depth

of 1.2 m. Large accumulation of floating debris at apex. Unshaded.
Disturbance:
Light traffic (c.100 my) on mainline. Effective terminus of navigation for

Liverpool end of canal. Outermost parts of site therefore in occasional use, mainly at
weekends, for turning boats on day trips and those not navigating through to Liverpool.
Deeply dredged c.1985.

Vegetation:
The site is fringed by a narrow, open strip of Phragmites which is spreading into

deeper water as small clumps. Gaps in the reed fringe are occupied by Glyceria maxima,
Iris, Solanum and Epilobium hirsutum . The aquatic vegetation is dominated by a large
bed of Nymphoides peltata . Small patches of Azolla, Lemna minor and L polyrhiza
occur amongst floating debris and Polygonum amphibium around the margins. The
submerged vegetation consists of a thick growth of Cladophora and Elodea matallii
There are also significant amounts of Ceratophyllum demersum, plus smaller quantities
of Myriophyllum spicatum, Potamogeton peifoliatus, P. berchtoldii, P. pectinatus and
L. trisuka.

(6) ASH 3: Islington Arm, Ashton Canal, Manchester. SJ 851982.
Physical:
A narrow (<8 m), truncated arm, 125 m in length with brickwork, vertical sides

and an average depth of 1.3 m. Mostly coarse, stable substrate. Urban setting with some
shading by adjacent buildings.

Disturbance:
Light boat traffic on mainline (c.1300 my). Operational use of site as secure

moorings for BW workboats and hoppers.
Vegetation:
Fringing emergent vegetation absent. Alternating mixed and pure beds of Sagittaria

and Potamogeton natans predominate. Submerged vegetation comprises dense beds of
Elodea nuttallii with small amounts of Cladophora, Potamogeton pectinatus and P.
petfoliatus

(7) PF 3: Peak Forest Canal, Dukinfield. SJ 932974.
Physical:
A small, shallow winding hole, partially tree shaded and with mostly soft banks.

Suburban setting. PLATE 3.19
Disturbance:
Light boat traffic (c.1900 my). Site little used by boats.
Vegetation:
Well developed marginal stands of Glyceria maxima withTypha latifolia and

typical associated species. Extensive growth of Potamogeton natans in open water areas



overlying diverse submerged vegetation dominated by Cladophora but including
Charophytes, Elodea nuttallii and five Potamogeton species.

(8) TM 7: Trent & Mersey Canal, Dutton. Si 590775.
Physical:
A fairly large basin (0.14ha) with soft banks recently extended and dredged.

Partially tree shaded at apex.
Disturbance:
High boat traffic (c.9000 my). Occasional use for turning boats from nearby long

term morings or craft not navigating Preston Brook Tunnel. Outermost two-thirds of site
dredged in 1989 to provide an average depth of 0.8m.

Vegetation:
A raised Glyceria marsh occupies the undisturbed apex of the site; main associated

species are Typha latifolia , Epilobium hirsutum and Solanum. Ranunculus sceleratus,
Cardamine flexuosa and Juncus bufonius have colonised the edges of the marsh
exposed by dredging. Around the remainder of the site the banks have been left largely
bare although parts have been recolonised by Phragmites spreading from an adjacent
terrestrial population. Small, very isolated clumps of Glyceria occur in the middle of the
site. Aquatic species in 1990 included tiny amounts of Lonna minor and Potamogeton
pectinatus and additionally in 1991, Myriophyllum spicatum

(9) MACC 5: Macclesfield Canal, Macclesfield. Si 930748.
Physical:
A typical shallow, heavily silted widening with sheet-steel piled sides. Unshaded.
Disturbance:
High boat traffic on mainline (c.5000 my). Site occasionally used for turning

boats.
Vegetation:
No emergent or aquatic vegetation present.

(10) MACC 6: Macclesfield Canal, Congleton. SJ 875644.
Physical:
A typically sized, predominantly very shallow and heavily silted winding hole with

soft banks. Unshaded. PLATE 3.20
Disturbance:
High traffic (c.5000 my) on mainline but winding hole virtually redundant due to

extent of plant colonisation. Only the outer parts remain accessible and in occasional use
for turning boats which control the outward spread of P. natans. The inner margins of
the site are heavily cattle poached.

Vegetation:
Two-thirds of the bank are bordered by a broad stand of Glyceria maxima which

is also spreading from several large isolated patches located in the main part of the site.
At one end there is also a small, dense stand of Sparganium erectum and several smaller
clumps of Sagittaria . Intense cattle activity has produced a 1-2 m wide, shallow water
zone with a diverse sward of typical grazing tolerant, low growing herbaceous species
in a matrix of Glyceria f/uitans and Alopecurus geniculatus plus abundant Callitriche
stagnalis The aquatic vegetation is dominated by an extensive mono-culture of P.
'ratans , with well dispersed pockets of L. minor and patches of S. emersum at one
end. Elodea nuttallii occupies gaps in the P. natans canopy.

(11) LEEK 2: Leek Branch, Trent & Mersey Canal, Ladderedge.
SJ 974453.
Physical:
A large (0.4ha), shallow (ay. depth 0.5m), silty lagoon with soft banks.

Unshaded. PLATE 3.16
Disturbance:
Light traffic on mainline (c.2000 my) but site frequently used for turning boats.

Regular use by anglers has resulted in trampling and fragmentation of reed fringes, bank



erosion necessitating construction of makeshift platforms, clearance of swims in shallow
water abutting the banks and general littering. At one end of the site additional poaching
by cattle has entirely denuded the sandy banks of vegetation.

Vegetation:
Much of the site is bordered by a broad stand of Glyceria maxima including

patches of Juncus effusus, Myosotis scorpioides and M. caespitosa on the landward
side. To the rear there is a zone of poached bank up to 3 m wide with a variable
vegetation cover depending on the degree of disturbance but characterised by Glyceria
fluitans, Alopecurus geniculatus and Agrostis stolonifera with mostly prostrate, annual
species such asRanunctilus hederaceus, R. flwnmula, Stellaria alsine, Veronica
beccabunga, Juncus bufonius and Myosotis spp. The aquatic flora is impoverished
consisting only of a very sparse, depauperate growth of P. natans and very small
quantities of Elodea Callitriche hwnulata and Cladophora . In 1991 aquatic
species were severely reduced apparently due to a drop in water levels combined with
poor summer weather.

(12) SUC 14: Shropshire Union Canal, Hack Green. SJ 640486.
Physical:
A small, heavily silted winding hole with sheel steel piled banks.
Disturbance:
Heavy boat traffic (c.9000 my). Occasional use for turning day-trip boats.
Vegetation:
Confined to a small area of Glyceria maxima marsh at apex of site with associated

Myosotis scorpioides and Solanum dulcamara . Submerged vegetation restricted to very
sparse Potamogeton pectinatus

(13) S & W 8: Staffs. & Worcester Canal, Coven. SJ 191067.
Physical:
A small widening with soft banks and heavily silted bed but relatively deep profile.
Disturbance:
Heavy boat traffic (c.8000 my). Occasional use for turning boats.
Vegetation:
Hail the site is fringed by a broad belt of Sparganium erectum with isolated

clumps of Epilobium hirsutwn around the remaining bank. Aquatic plants are absent,

(14) W & E C 1: Brownhills Colliery Basins, Wyrley & Essington
Canal, Cannock Extension Arm, Wyrley. SK 019030.
Physical:
One of a pair of long (70 m), broad (10-12 m) basins. Sides consist of vertical

brickwork but have slumped on one bank due to subsidence. Average depth 0.9 m.
Coarse, stable substrate including high concentration of small coal particles. Partial
shading from adjacent warehouse. PLATE 3.4.

Disturbance:
Light traffic on canal (c.500 my). Site used as private long term moorings for up

to seven (rarely used) boats and for turning boats visiting nearby boatyard.
Vegetation:
Stand-forming emergent vegetation confmed to two small, pure stands of

Sparganium erectum and Glyceria maxima at apex of site and Typha latifolia near the
mouth. Scattered clumps of Butomus, Alisma lanceolatum and larger beds of Sagittaria
occur throughout the site. There is extensive growth of Potamogeton naafis near the
apex and isolated plants of Sparganium emersum in deeper water. Potamogeton lucens
dominates the submerged plant community; additional species include Elodea nuttallii,
Potamogeton petfoliatus. P. pectinatus, Luronium natans and Ranunculus penicillatus



(15) GUAM, 10: Grand Union Canal, Milton Keynes. SP 871392
Physical:
A small, fairly shallow, silty winding hole with natural banks. Unshaded.
Disturbance:
High boat traffic (c.4500 my). Site occasionally used for turning boats. In 1991

some areas of marginal vegetation trampled down by anglers.
Vegetation:
A diverse marsh flora occupies c.two thirds of the site with Acorus, Sparganium

erectum, and Carex acutiformis dominant. Main associated species include Rum ex
hydrolapathum, Juncus inflexus, Phalaris arundinacea, Epilobium hirsutum, Berula
erecta, Myosotis scorpioides, and Moldy aquafica . Additionally small amounts of
Sagittaria, Butomus, Alisma lanceolatum, and Equisetwn fluviatile occur in shallow
water. Limited floating-leaved vegetation, principally Nuphar lutea but also small
quantities of Lemna minor, Sparganium emersum, Potwnogeton natans and Polygonum
amphibium . Submerged vegetation fairly sparse but remarkably diverse including
Elodea nuttallii, Ranunculus circinatus, Myriophyllum spicatum, P. friesii, P.
compressus, P. pectinatus, L. trisulca and Charophytes.

(16) OX 1: Thrupp Wide, Oxford Canal, Thrupp. SP 481162.
Physical:
A 500 m length of canal up to 30 m wide (cf. normal canal width of 12 m) with a

very shallow offside shelf, and natural banks lined with mature trees.
Disturbance:
High boat traffic (c.6600 my) with additional traffic generated by club moorings

located opposite site. Eastern 150 m of site developed as private long-term moorings.
Some tree cutting in winter 1990.

Vegetation:
A series of pure stands of emergent species (including Phragmites australis,

Typha latifolia, Glyceria maxima, Carex acutiformis and Sparganium erectum)
occupies most of the site. Rorippa amphibia and Solanum occur in shadier areas while
wet mud in tree clearance gaps has been colonised by herbaceous species such as
Myosotis scorpioides, Mentha aquatica, Lycopus europaeus, Bidens cernua, Apium
nodiflorum, Impatiens capensis and Callitriche platycarpa Nymphaea alba occurs as an
intrastand species amongst Phragmites and grows in gaps between stands of other
emergents. Lemna minor is also present in very small quantities.

(17) K & A 5: Kennet & Avon Canal, IIungerford. SU 340687.
Physical:
A medium sized, fairly deep, but very heavily silted winding hole. Natural banks.

Margins strongly shaded by overhanging shrubs.
Disturbance:
Boat traffic light (c.1200 my) but increasing. Site regularly used for turning boats.
Vegetation:
Emergent and submerged plants virtually absent. Two large beds of Nuphar lutea

occupy part of the open water area but are apparently contracting due to increased boat
usage.



APPENDIX 3.8. COMPARISON OF TOTAL BENTHIC INVERTEBRATE
DENSITIES IN SIDEWATER & MAIN CHANNEL SITES

SITE SIDEWATER CHANNEL*

mean no./25cm2 SE n	 mean no./25cm2 SE

ASH 3 1.14 0.40 7 0.00 0.00
GUML 10 4.00 1.18 7 1.00 0.58
K&A 5 4.00 1.28 8 130 1.20
L&L 2 0.30 0.21 6 1.30 0.88
L&L 5 2.46 0.94 11 2.67 1.45
L&L 9 2.20 1.11 5 4.70 1.45
L&L 21 0.86 0.26 7 0.00 0.00
LAN 12 0.78 0.32 9 2.00 0.56
LEEK 2 0.56 0.34 18 1.67 1.20
MACC 6 0.10 0.10 10 0.00 0.00
MACC 7 1.08 0.37 13 1.00 1.00
OX' 2.50 0.99 6 5.00 2.52
PF 3 5.50 1.71 4 7,00 2.31
S&W 8 3.57 0.69 7 3.00 0.58
SUC 14 0.43 0.20 7 0.00 0.00
TM 7 2.80 1.01 15 0.33 0.33
W&EC 1 1.67 0.68 6 3.00 2.00

OVERALL 1.78 0.21 146 2.21 0.37
MEANt

* n for all channel sites = 3.
t considered justifiable on the basis of no obvious trend in data. n = 51

No pair of sites differ significantly in mean invertebrate density
(Mann-Whitney U-test; P >0.20, except GUMLIO and L&L2I where 0.20>P>0.10)

Wilcoxon Signed Ranks Test using mean data for all paired sites; z=0.497; P=>0.20
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APPENDIX 4.1: DESIGN OF SAMPLING PROTOCOL

In designing a sampling programme it is necessary to consider the opposing

factors of time costs versus the minimum number of samples required to provide a given

precision (defined according to Southwood (1966) as SEA). A precision of 0.2 (. 20%)

is generally considered acceptable for benthic invertebrate studies, although stricter

criteria such as 95% confidence limits of ± 20% of the sample mean (approx. SEA =

0.1) (Elliott 1977) may be used. This number can be determined from preliminary

measures of sampling variance associated with a particular population (Cochran 1977;

Morin 1985). Sample variance is influenced by the overall degree of dispersion, the

mean density of animals (Taylor 1961; Elliott 1977; Downing 1979; Resh 1979), the

area of each replicate sample (Downing 1979; Morin 1985) as well as the type of

sampler and the functional groups of animals present (Morin 1985). Morin reanalysed a

data set derived from studies of stream benthos in cold temperate areas to calculate the

relationship between mean population density, sample area and the desired level of

precision from which the requisite number of samples can be estimated. Sampling of

treatment plots with pre-determined characteristics effectively follows a stratified

sampling programme and should therefore help to reduce sample variance. Use of

artificially engineered stoned areas in which the particle size composition is controlled

should similarly reduce within treatment variance. Estimate minimum densities of rarest

animals likely to be encountered and accept that some intrinsically rare spp will be

sampled imprecisely within the constraints of a manageable counting load.

Choice of sampler

There is a bewildering variety of devices available for sampling benthic

invertebrates. (Cummins 1962; Elliot & Tullet 1978). All samplers are, to a certain

degree, selective, depending on the conditions under which they art NISed CResh ‘919).

The main factors governing the choice of sampler are (i) the objectives of the study, and

(ii) the need to sample consistently between sites to avoid compounding the sample

variance already incurred due to aggregation of the biota. A basic bin corer (= Hess

sampler) was chosen for this study because of the need to sample quantitatively both

coarse and fine substrates with comparable efficiency. This requirement, together with

the water depth, visibility and slow or variable flow rate at this site, precluded the use of

most other samplers including kick samplers and Ekman grabs which have been used

successfully on canals in the past either for qualitative surveys or to sample soft

substrates. A further consideration was the possibility of a hyporrheic fauna on stoned

areas of the bed. On coarse substrates in streams for example, a significant part of the

invertebrate fauna (40% on average) may occur deeper than 20cm ( eg. Williams &

Hynes 1974). Although the vertical distribution of the benthos of soft sediments in



canals has been shown to parallel that of lakes, with around 90% of the animals

concentrated in the top 10 cm (Edwards 1992), the distribution of macroinvertebrates

through coarser more compacted sediments, which are usually only of very local

importance in canals, is unknown. Both coarse and fine sediments were therefore cored

as far as the surface of the underlying clay puddle which marks the lower limit of

colonisable substrate for invertebrates. This was generally equivalent to a 15cm deep

core.

The area of substrate to be sampled is defined not only by the need to optimize

costs per sample in terms of efficiency of time devoted to sample collection and sorting

as discussed above but also by practical considerations such as the type of sampling

device and the consistency of the substrate. It was not possible to collect core samples

larger than 100cm2 from either substrate without them fragmenting upon removal. A

25cm2 corer was easy to manipulate and operated efficiently on silty-sand but was liable

to blocking, jamming or deflection by larger pieces of stone when tested on the coarse

substrate. A 100cm2 sample was therefore also considered optimal from a practical

aspect. Time costs incurred by sampling (on average, 5 minutes per sample) were very

small compared to processing and sorting (generally 100-140 minutes per sample). Resh

& Price (1984) also found that sample collection took less than 5% of the total time

needed for sample processing and sorting. It is generally argued that provided the actual

sampling costs are small, for a given precision it is preferable to collect many small

samples rather than a few large samples because the expense of sample collection is

more than outweighed by the increased volume of sediment to be processed and sorted.



APPENDIX 4.2. SAMPLE PROCESSING

Although 500gm is the most commonly used mesh size in invertebrate surveys and

is quite adequate for semi-quantitative studies such as water-quality monitoring (Mason

1981), the problem of mesh-size selectivity in relation to sampling efficiency, mostly of

chironomid larvae, is well documented (Barber & Kevern 1974; Jonasson 1955;1958;

Mason 1976; Storey & Pinder 1985; Zelt & Clifford 1972). Jonasson (1958) for

example, found that a reduction in mesh size from 600 to 200gm resulted in a six-fold

increase in the number of animals retained, while Storey & Pinder (1985) showed that

40% of chironomid larvae, including virtually all 1st instar and a large proportion of 2nd

instars, still passed through a 125um net, the losses being closely correlated with mean

head capsule width. These animals may be very numerous, are potentially important in

the diet of juvenile fish and may make a surprisingly significant contribution to overall

production. Some studies have therefore employed nets with mesh sizes as small as

761.1m (Maitland 1964) or even 50um (Mundie 1971) when sampling stream

invertebrates. Storey & Pinder (1985) however, also showed that losses of preserved

chironomids at 1251.im were insignificant, either because preservation eliminates the

burrowing escape response exhibited by live animals when exposed on fine mesh, or

increases the rigidity of the larvae. In this study, pre-sieving at 250um followed by

preservation may therefore have significantly improved retention of smaller chironomids

during final sample concentration using a 500gm net.

The time involved to separate animals from concentrated detritus is often the main

limiting factor in sample replication and the frequency of sampling. Although a number

of techniques have been developed to accelerate the extraction of organisms by hand from

preserved benthic samples, these proved unsatisfactory. The flotation technique based on

differences in specific gravity of debris and organisms (Anderson, 1959; Hynes, 1961)

Using a water-based solution of sugar, formalin or magnesium carbonate failed to

significantly purify the animal component. For example, oligochaetes, especially tightly

coiled individuals or those entwined amongst fibrous detritus, tended to sink instead of

floating near the surface. The direct flotation technique combined with centrifugation

(Caveness & Jensen, 1958) was found by Cromar & Williams, 1991, to remove a high

proportion of the extraneous detritus and significantly improve recovery of gastropods,

copepods, mites, ephemeropterans, trichopterans and chironomids and to reduce overall

sorting time for preserved benthic samples from a Welsh upland stream. When applied to

the present samples, centrifugal flotation successfully isolated chironomids in the surface

layers but did not recover a large proportion of the organisms belonging to the remaining

taxa and was therefore considered unsuitable. Cromar & Williams (1991) however,

report variable success with the concentration of oligochaetes and amphipods -generally

the dominant taxa in these samples.



Appendix 4.3. Invertebrate densities: raw data and summary

Values for raw data are mean numbers of animals 0.01m- 2 ± 1 S.E..
Number of replicates for each treatment is 9 unless the treatment code is
asterisked in which case n=8. Where several species, eg. leeches, have
been analysed as a group, the group mean is also given. Treatment factors
are coded as follows:

C = CONTROL SUBSTRATE
S = STONING
V = PLANTED
B = BOARDING
P = POSTS

In summary tables values are given as mean numbers of animals m-2
averaged over all treatment combinations involving that factor. Tests of
the significance of the difference between densities in different treatment
plots are based on Mann-Whitney U tests or, for the bed shielding
treatments, Kruskall Wallis three-sample tests. * = P<0.05; ** .
P<0.01.*** = P<0.001. (ns) = 0.10>P>0.05. In the bed shielding
treatments, levels with the same letter are not significantly different at
P=0.05.
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APPENDIX 4.4

Invertebrates recorded on trailing roots of Cam otrubae growing on boarded section

Total dry weight of root tissue = 60.2g
Dense root mat with extensive adventitous roots forms complex structure analgous to the
highly dissected leaf forms of macrophytes such as Myriophyllutn spicatum and
Ceratophyllum dernersum

Dugesia tigrina 1 Asellus aguaticus 151

Polycelis tenuis 16 Crangonyx pseudogracilis 112

Dendrocoeleum lacteum 11 Thripidae 2

NEMATODA 5 Sialis lutaria 3

Naididae 4 Nymphulidae 1

Limnodrilus hoffineisterit 2 Ecnomus tenellus 19

Pisicola geometra 1 Tinodes waenerii 3

Erpobdella octoculata 4 Halesus digitatus 1

Bithynia tentaculta 6 Chironomidae 154

HYDRACARINA 3 Ceratopogonidae 6

Cyclops (spp) 5 Haliplidae 1

Corophium curvispinum 1 Staphylinoidea I

TOTAL 513



Chapter 5
Appendices

5.1 Invertebrate densities in fish enclosures
5.2 Composition of fish in treatments on 3 dates
5.3 Composition of gut contents

(a) Roach
(b) Gudgeon
(c) Percids



APPENDIX 5.1: INVERTEBRATE DENSITIES IN FISH ENCLOSURES

A. STONE MAY JULY SEPTEMBER

TAXA OPEN ENCLOSED OPEN	 ENCLOSED OPEN	 ENCLOSED

Nematode 1.22 (0.43) 0.56 (0.18) 1.00 (0.52)	 1.17 (0.98) 0.50 (0.34)	 0.17 (0.17)

Limnodrilus hoffmeisterii 6.11 (2.94) 4.00 (1.60) 39.67 (9.64)	 24.67 (8.36) 8.00 (2.16)	 8.00 (4.31)

Hirudinea 0.44 (0.29)

Sphaericiae 1.89 (1.15) 1.11 (0.45) 4.50 (1.38)	 4.00 (1.13) 1.00 (0.52)	 1.00 (0.63)

Unionidae 0.33 (0.33)	 0.17 (0.17)

Hydracarina 0.44 (0.24) 1.11 (0.66) 1.00 (0.26)	 0.67 (0.33 ) 1.00 (0.37)	 0.33 (0.21)

Corophium curvispinum 1.67 (0.76) 1.00 (0.55) 0.67 (0.33)	 0.83 (0.40) 5.67 (2.86)	 0.33 (0.21) (ns)

Asellus aquatic= 0.78 (0.57) 2.11 (1.32) 0.33 (0.33)	 0.33 (0.33) 0.17 (0.17)

Ilyocryptus sordidus 10.78 (5.55) 7.33 (1.67)

Ostracoda 0.33 (0.24) 0.33 (0.24) 0.67 (0.67)	 0.17 (0.17)

Cart= il4CMOSO 0.78 (0.43) 0.78 (0.32) 3.33 (0.95)	 2.00 (0.77)

Ecnomus tenellus 2.00 (0.90) 3.11 (0.84) 0.33 (0.21)	 1.00 (0.45) 2.83 (0.54)	 3.00 (0.26)

Chironomidae 14.33 (3.06) 11.89 (2.53) 16.17 (3.76)	 14.33 (2.93) 28.67 (8.93)	 20.5 (3.89)

Ceratopogonidae 1.11 (0.35) 0.44 (0.24) 1.00 (1.00)	 1.33 (0.42) 0.33 (0.21)	 0.17 (0.17)

Terrestrial inverts. 2.22 (1.07) 3.11 (0.83) 1.17 (0.54)	 0.83 (0.48) 1.33 (0.42)	 0.67 (0.42)

TOTAL 46.78 (8.52) 38.33 (7.96) 69.50 (11.68)	 50.33 (11.41) 53.00 (14.01)	 36.33 (7.58)

NO. AQUATIC TAXA 8.00 (0.47) 8.56 (1.04) 6.67 (0.12)	 6.83 (0.83) 6.67 (0.76)	 4.83 (0.60)

DIVERSITY (PIE) 3.055 (0.421) 3.915 (0.61) 2.353 (0.318)	 2.96 (0.272)	 (ns) 2.675 (0.598)	 2.425 (0.361)

EVENNESS 0.32 (0.078) 0.378 (0.052) 0.2.55 (0.043)	 0.392 (0.071) (as) 0.266 (0.125)	 0.313 (0.073)

B. SILT MAY JULY SEPTEMBER

TAXA OPEN ENCLOSED OPEN	 ENCLOSED OPEN	 ENCLOSED

Nematode 0.78 (0.46) 1.33 (0.47) 2.83 (1.05)	 0.67 (0.21)	 (as) 0.83 (0.40)

Lannodrilus hoffineisterii 2.22 (1.14) 8.44 (3.72) 14.50 (4.92)	 39.50 (5.40)	 *5 22.67 (4.46)	 137.5 (34.67) **

HIRUDINEA 0.11 (0.11) 0.17 (0.17)

Sphaeridae 0.33 (0.17) 0.33 (0.24) 1.50 (0.96)	 1.83 (1.11) 0.33 (0.21)	 1.83 (1.14)

Unionidae 0.33 (0.17) 0.M. (0.22) 0.17 (0.17) 0.17 (0.17)	 0.83 (0.31)

Hydracanna 0.78 (0.36) 0.33 (0.24) 0.17 (0.17)	 0.83 (0.40) 0.67 (0.49)	 0.33 (0.21)

Corophium curvispiman 0.17 (0.17)

Asellus °quadrics

Ilyocryptits sordidus 20.00 (8.20) 14.67 (6.94)

Ostracoda 9.22 (3.42) 0.22 (0.15)	 * 0.67 (0.49)	 0.67 (0.67) 1.00 (0.45)	 0.83 (0.83)

Caenis luctuosa

Ecnomus tenellus 0.11 (0.11) 0.11 (0.11)

Chironomidae 2.57 (0.75) 4.11 (1.14) 3.17 (0.87)	 4.00 (1.39) 4.17 (1.01)	 5.17 (1.66)

Ceretopogonidae 0.33 (0.24) 0.67 (0.4) 0.50 (0.50)	 1.17 (0.40)

Terrestrial inverts. 3.89 (1.14) 2.89 (0.59) 0.33 (0.21)	 0.50 (0.22) 0.67 (0.49)	 1.17 (0.48)

TOTAL 42.11 (1.13) 33.78 (7.37) 24.00 (7.10)	 49.83 (7.00)	 * 29.83 (4.76)	 150.3 (35.21) **

NO. AQUATIC TAXA 5.33 (0.60) 4.78 (0.66) 430 (0.62)	 5.00 (0.78) 3.67 (0.49)	 5.00 (032)

DIVERSITY (PIE) 1.587 (0.235) 2.149 (0.225) (as) 2.334 (0.103)	 1352 (0.141) ** 1.676 (0.175)	 1.214 (0.045) **

EVENNESS 0.109 (0.091) 0.365 (0.092) * 0.297 (0.081)	 0.112 (0.033) * 0.244 (0.067)	 0.056 (0.016) **

Densities are numbas of animals per 0.01m2 core ±1SE. N= 9 for all May treatments and 6 for July and September
Significance of differences tested by Mann-Whitney U-tests: (ns)= 0.1>P>0.05; *=P<0.05; **. P<0.01
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ABBREVIATED CODES (ALPHABETICAL) FOR CANALS, SPECIES ENVIRONMENTAL VARIABLES

CODE CANAL CODE SPECIES CODE ENVIRONMENTAL VARIABLE

ASH Ashton Acal Acorns calamus 300N No land over 300m in 10x101cm sq.
AS! Will Ashton Hollinwood/Fairbottom Alla Alisma lanceolatum 300Y Land over 300m in 10x10km sq.
AZ Ashby Alps Alisma plantago-aquatica AQSP Number of aquatic species (subm+flvd.)
B Basingstoke Apno Apium nodiflorum ARAB Arable landuse
B&T Bridgwater & Taunton Beer Bemla erecta AREA Site area
BCML BCN main line Bice Bidens cemua BNK1 Profile
BCSOHO BCN Soho Loop Buum Butomus umbellatus. BNK2 Profile
BCWL BCN Wolverhampton Level Caha Call itriche hamulata BNK3 Profile
BF Birmingham & Fazeley Cast Callitriche stagnalis BOAT Boat manoeuvreing
BR Bridgwater Cxac Carex acutiformis B RN Site not within 50m of bridge
C Crumlin Cxri Carex riparia BRY Site within 50m of bridge
C&H Calder & Hebble Cede Ceratophyllum demersum CALC Calcareous rock catchment
CHES Chesterfield Char Chant globularis CLAY Clay catchment
CN Caldon Clad Cladophora glomerata CLC C Calcareous clay catchment
COY Coventry Ecan Elodea canadensis COND Conductivity
CROM Cromford Enut Eloclea nuttallii CROP Total above-ground standing crop
DAW Daw end Branch Entm Enteromorpha sp CUT Weed mgmt/herbivory
DIG Digbeth Branch Epil Epilobium hirsutum E Aspect
DUDI Dudley No.! FAIll Equisetum fluviatile ECOV Total emergent plant cover
DUD2 Dudley No. 2 Gflu Glyceria fluitans FALL Water level fluctuation
ERE Erewash Gmax Glyceria maxima FCOV Floating-leaved plant cover
FC Forth & Clyde Hmor Hydrocharis morsus-ranae HARD Hardened bank
FCG FC Glasgow Branch Hyre Hydrodictyon reticulate LONG Max. distance from channel
G Grantham Impc Impatiens capensis MASP Number of marsh species
G&S Gloucester & Sharpness Iris Iris pseudacorus MGMT Dredging/re-piling
GUAY GU Aylesbury Arm Juar Juncus articulatus MHY Standardised Traffic Density
GUL GU Leicester Section Juef Juncus effusus MY Linear Traffic Density
GUMH GU Market Harborough Arm Juin Juncus intlexus N Aspect
GUML Grand Union main line Lgma Lagarosiphon major NE Aspect
GUN GU Northampton Arm Legi Lemna gibba NTU Turbidity
GUP GU Paddington Arm Lemi Lemna minor NW Aspect
GUS GU Stroud Arm Letr Lemna trisulca PAST Pasture lanchise
GUIV GU Wendover Arm Luna Luronium natans PERM Site perimeter
GUWEL GU Welford Arm Lyco Lycopus europaeus QUAL Water Quality
GW Grand Western Lsal Lythrum salicaria S Aspect
HN Huddersfield Narrow Meaq Mentha aquatics SDCL Sand-clay catchment
K&A Kennet & Avon Mssc Myosotis scorpioides SE Aspect
L&L Leeds-Liverpool Myal Myriophyllum alterniflorum SHAD Degree of shading
L&LR L&L Rufford Branch Mysp Myriophyllum spicatum SND Sand catchment
LAN Lancaster Nulu Nuphar lutea SPNO Total number of species
LEEK Leek Branch Nyma Nymphaea alba SUBM Total submerged standing crop
M Monkland Npel Nymphoides peltata SURE Suburban landuse
M&B Monmouthshire & Brecon Oenc Oenanthe crocata SW Aspect
MACC Macclesfield Phar Phalaris arundinacea TEMP Location re 16°C July isotherm
MBB Manchester, Bolton & Bury Pltra Phragmites australis TROD Livestock activity
N Neath Foam Polygonum amphibia TSS Total Suspended Solids
OX Oxford Palp Potamogeton alpinus URB Urban landuse
PF Peak Forest Pber Potamogeton berchtoldii W Aspect
POC Pocklington Faun Potamogeton compressus WIDE Length of entrance
R Rushall Pcri Potamogeton crispus WOOD Semi-natural area
RIP Ripon Pfri Potamogeton friesii. XSEC Cross-sectional area
ROC Rochdale Pluc Potamogeton lucens ZAVE Average depth
S&W Staffordshire & Worcester Pnat Potamogeton natans ZMAX Maximum depth
SIT&S Stroudwater/ Thames & Severn Pobt Potamogeton obtusifolius
SonA Stratford-on-Avon PPec Potamogeton pectinatus
SSY Sheffield & S. Yorks Navigation Pper Potamogeton perfoliatus
ST Stourbridge Phi Potamogeton trichoides
St 11 St. Helens Ranc Ranunculus circinatus
SUC Shropshire Union Canal Rani Ranunculus lingua
SUCL SUC Llangollen Section Rona Rorippa nasturtium-aquaticum
SUCMO SUC Montgomery Rums Rumex hydrolapathum
T Titford Sgsg Sagittaria sagittifolia
TM Trent & Mersey Scaq Scrophularia auriculata
TN Tennant Sodu Solanum dulcamara
TV Tame Valley Spem Sparganium emersum
U Union Sper Sparganium erectum
W Walsall	 • Spir Spirogyra sP
W&B Worcester & Birmingham Spa! Stachys palustris
W&E Wyrley & Essington Tyan Typha angustifolia
W&EA W&E Anglesey Branch Tyla Typha latifolia
W&EC W&E Cannock Extension Arm Vauc Vaucheria dichotoma
WA Walsall Anson Branch Vebe Veronica beccabunga
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