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_ Introduﬁion

Many data are ava:.la'ble on the effaots of le.nd—use &nd. managemen‘l:
on upland soils in general but few refer apec:.f:.cally to the Lake

District in spite of - 1noreasmg public interest in the use of the

area during the past few decades. Pearsa.ll {4 950), and more
recently, Pearsall & Pennington (1973) sumarized available data

on soils, vegetation and land-use and provided the relevant
historical background, Both publications stressed the beneficial
effects of trees in malntalning and restoring 803l fertility and the

“harmful offect of 1aach1ng of nutrients from the soil by the high

rainfall which occurs in upland areas in western Britain, Pearsall
(1950) emphasized the long—tem nutrient extragtive effect of sheep—
grezing whereas Pearsall & Pennington {1 973) placed more emphasis

an the harmful effects of def‘omstatmn and the need for soil
conservation in the Lake Disatrict, partmu:la.rly by re-afforestation.

Publication of Pearsall and Ponnington's book st:.zmlated the holding
of a meeting of representatives of farmers, foresters, amenity
organizations, conservatlon_lsts, planners and research soientists
in Kendal, Cumbria in October 197k to identify and discuss local
soil problems. The meeting, "Soils and Man in the Lake District®,
'sponsoreﬂ_. by the Nature Conserva.nc;" Cbuncil. One of the papers.
presented, concerned with the effects of woodland and forest in a
historical context, was published recéntly (Chard, 1975). The

~present paper is an expanded version of another of the papers and

is presented here for d:LScuSSlOIl prior to final drafting of a sSummaAry
for the Countryslde Commi s5ion (Append:lx below). It views soil
as a resource and also as part of an ecological system of interacting

C o parts. A3 a _;-esource_,:_so:Ll mua-t; be conserved, that is, used wisely
. -80 that it is ';nainta.inéd- in a suitable condition for a variety of
- lend~uses in the long term ds well as in the short term,

wa.g




As part of an ecological system, such as woodland or grazed grassland,

soil influences and is influenced by other parts of the system incluiing
the vegetation and the animels which feed on it and, therefore’ it cannot
be viewed reallstieally in 1qolatlon. Interactaon of 3011 charaoterlstlcs
and vegetction, topography, cl:.mate 3 land-use and ma.ne.gement ultimately

moulds the landscape of an area.

In prf*ctlce s ea.ch euolcglcal system c‘xanges continuously towards a

Sondition in Whlch the various parts and the rates of processes in.

' 'the system ara_ in an equlllbnu.m determined by factors such as ol:.ms.te
_and'management;_ When use or management is changed, adjustment of the
system to a new set of f&ctors, 1nputa and outputs, may take a considerable

t:.me and may 1nvolve losses a.nd gains in certa:.n parts of the system,

The 1atter ch.a.nges are not evn.clence of soll. detarﬂ.orat:.on unless they
impose maaor Jdimitations on the future use.of the soil f‘or some defined
purpose or unless they lead to soil erosion. '

The araas of‘ pa.r't:mular :Lnterest in tha.s paper lie between the intens:.vely
managad arable land of" the vallay bottoms and the virtuall,y soll~less
and’ unmanageabls high mountaln tops.  They fall into gmdes N and 5 of
the Agr:.cultural land Classification (Mlmstry of Agrioulture, Fisheries
‘and Food, 1966) or ¢lasses 5 and 6 of the Soil Survey land Use Capability
Classifigation (Bibby & Mackney, 1969) and are classed masmly &3 woodland
or heath:l_and moorland ‘and rmgh land in the Second Land-Use Survey of
Britain (Goleman & Maggs, 1968) 8¢ils rangs from well-dreined brown
earths car:l:'ylng ﬁgrostn_s - Festuca grassland frequently invaded heavily
by Preririum on the lower fells to nutrient poor, often peaty but well-
dreined scils with Calluna and Vageinjum or poorly serated gleys with
Nardus grassland on tha higher gentle siopes. Stagnant or non-stagna.nt
bogs d_om:_n_a.ted by Molinia or Exiophorum respectively, occur on level

arsas at xﬁost_ altitude's in the zone of iﬁterest. These areas are used
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traditionally for rough grazing,'forest:y, water catchmont and recreation,
s0 their use congerns the general public as well as landowners and
menagers, perticularly now as inereased use of timber and high timher
prices are encouraging the spread of commercial forestry, socio-econcmio
factors are favouring changes in hill~farming and publlc pressure on hill

land is inereasing.

With the above.haokground, this paper has three main aims, First, to
sumsarise the effects on soil in general of the main types of land-use
and management found or likely to be found in the futwre in the Lake
District and to indiecate their relevance to the soils of the area,
Second, to compare the effects of the maln 1and-usas, partzoularly
hill~farming and forestry, Third, as a basis for future research,

to identify those aspects for which relevant data gre_lacking. '

Effects of graging animals

Many authors, Coppock & Coleman (1970}, Darling (1 1955), Hart (13968),
NoVean & Lockie (1969), Pearsail (1950), Pegrsell & Pennington (1973),
Tivy (1973), tend to regard fres-grezing aheep as harmful o hill soils
‘and vegetation and hold the view that, by their selective close grazing,
Shgep suppress-all but the coarsest plants such as mat-grass, Nardus
'stricta andkfﬁtb-rush,'Juncus‘sguarrosds, and by their treadinnghey
destroy vegetation cover and thereby increase the likelihood of 5011
erosion, gheep are also said t0 compact the scil thus reduclng )
asration, water absorptlon and eireulation of nutrients., The culllng
of the flock is said to dep}ete areas of nutrients, partioularly'baaes,
and thus to accelerate the naturel trend towards acidity in areas of high
reinfall, Clearly, meny of these ideas epply also to hill cattle so
for convesience we will conslder the effecta of sheep and cattle
'together.

a) Effects of the animal hoof

The direct effect of treading varies with thefhéof ares, the pressure
exerteq, the number of timﬂs; and:tha way in which the hoof is applied
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%o the gfdund per unit area and per unit time, the psttern of
movemenf of the animal within an area and also the age, size

-and . bread of animal; p Available data_ on hoof measurements and B
pre'ssu;'esl..exert:ed._ suggest thet cattie tread 2-4 times more '
heavily than gﬁeap (Table 1) but such comparisons based on |
extrapolation :E‘rom data _fbr standing animals must be viewed
with great caution bearing in mind results for standing and

walling Man (Har_;‘)er_.et al., 1961 and p. 16)

Most stulies of tresding effect or daily movemest of animals

have been carried out in lowland grassland areas and in enclosures
where the aninial may hehave a.bno.rmally gither becauss it is - _
stimulated to move excessively or at & higher speed than normel
(Bdmond, 1958) or becouse movements are reduced when ample food
45 supplied (England, 1954). - Deta for individuel sheep (Table 2)

- combined with observations on the daily movement of upland flocks

- in hefts or home renges of known size (Hunter, 1962, for Cheviots
on ma:l.nly grgsta.s—ﬁ'estuca, Na.rd.us and Molinis grassland and
Ptoridium; Grubb & Jewell, 197, for Soay Sheep on Nardus, Agrostis
Festuca, Holcus and Pos grassland and Calluna) indicate a daily
movenent of 1._2_-12.9 km with most values falling between 2 and 5 km,
From such d.ata, Welch & Cummins (pers. comm, ) conciuded that the

daily movement of British hill sheep is about 2.5-5. 0 km, Com-
1

parable data for cattle cover a range of 2,3-7.8 km day
(Pable 2). Hancock (1953), quoting various published data, gl‘ves
& range of 1.8-2,8 km day 1 for dairy cattle and he stresses that
an cold pasture or rough ground cattle travel twice as far as on
new past.ux;es.. From all the above data one may conclude that
cattle .and sheep travel appro:ﬁ.mate:ty the same distance rer day.

Stride lengths in sheep and cattle are respectively about 15 om
and 45 om (Frame, 1971). Using these data and approximete mean
daily movements of animsls, Weloh & Cummins (pers. comm.) calculated
that sheep end cattle perform respectively 100,000 and 4,000 leg

movements animal dza.y“At » Assuming hoof areas of 15 o2 and




60 om2 respootively for hiil shesp and cattle they';_calculafed
perosntege of range trampled per year..with different degrees of
'aggfegat_ion of trampling and stocking. Sheep averaged fram

1.1 tremples 'year—.‘I evenly spread over the whole area with 0‘2
animels ha~! %0 109.5 tramples year on 10% of the area plus

12s2 tramples on the remaining 90% with a mean stocking rate

for the whole area of 4.0 sheep ha 1. Gompamble data for

cettle rangel from 88% of the aree trampled per year with 0.1
animals ha~ and ovenly spread trampling to 100% itrampled, 10%

21,9 times and 90% 2. times year-1, where the mean stocking rate
15 0.5 animallhaﬂ « These caleulations donot allowfor repeated 'Ereading
of the scme area during each tremple or for rémval of stock from
the hills d.urn.ng the more severe weather, In most hill areas, the
- stoold.ng rates for cattle tend to approach 0.2 am.mals ha and, for
aheep, fall ‘between O, 2-1 animal ha .

Compaction by animals is oonoentratecl in the top few oms of ooil‘
'(Wind & Schothorst 1964; Edmond. 1958) alth ough, occasionally, it
extends to sbout 20 cms (Federer et al, 1961). Compaction my
be greater at a few cms depth than at the soil sutface if the tdp
- few cms is highly organic and resilient (Howerd.& Howard, 1976;
Keen & Cashen, G. H., 1932). The overall degree of compaction
veries with soll characteristics. . Sandy soils low in organic
matter or dry soils in general are liftle compacted, whereas soils
rich in clay, peat and moisture are very susceptible to tran‘plmg
damage (Wind & Schothorst, 1964).

Compaotion involves not only an inorease in bulk density but also

a reduction of soil pore space, aeration, moisture storage capacity
and infiltration rate, destruction of water-stable soil aggregates,

and changes in thermal characteristics (Bdmond, 1968; Federer et &l,
1961; Gillard, 1969; Gradwell, 1960; Iull, 1959; Steinbrenner, 1951;
Wind & Schothorst, 1964). Such changes may be expected to lead to
soil biological and chemical changes but these are difficult to




separate from changes essocieted with the effects of feeding and
dung and urine deposition and seem to be small relative to the lerter
judging by the findings of Floate (1972). Moreover, as Woloh &
Cunmmins (pers. comm.) p01nt out, the frequent coccurrence of frost
in British upland arsas will tend to minimize any trend towards

compaction.”

 8oil erosien associated with grezing does not appesr to have been
studied much in Britein'although erosion guliies, which may be partly

an effect of the grazing animal, are seen frequehtly.en_hill grazings.
Thomas (1965) describes_sheet srosion begiming from "burrows" or
"bunkers" used by sheep as sheltering places in the PﬂynliﬁOn and

other moorland areas of Wales and we have observed fans of eroded soil below
"hbunkers” on grassland on the lower fells in the Soufhern Uplands

of Scotland, the Pennines and the Lake District. Ancther aspect

of erosion is the slow downhill movement of soil, Thomas (1959)
mentions the movement of a particular sheep-path two feet downhill in
four years, but in such examples disentanglement of the effects of Man,
effects of the animal, end natural downhlll 80il movement is difficult,
The effect of the hoof is more pronounced on wet soils, where the animal
tends to Sllp and slide more than on dry soils. The sod which protects
the soil surface is broken more easlly by cattle than by'sheep because
the former exert the greater hoof prossure (Table 1).

In New Zealand, where seil erosion is reoegnised as a problem asscociated
_with grazed hill—soils, Gibbs (1964) has outlined the variou: types of
"er031on which oecur and stressed the need for assessment of permissible
:“stocklng &en51t1es on pertleuler s01l types. These and other comments
whlch he makes appeer te be relevant to soil conservatlen 1n the Lake

_Dlstrlct. )
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New Zealand work has also shown that vegatation, é;g. sown grassland
with clover, may be considerably damaged by treading, particularly
when the soil is wet and sheep densities are high (?—50 ha-1)
(Edmond 1958; 1962; 1963). Damage alons reduced herbage yield
to as low as oue eighth of the control valus. In the Lake
District; because of much lower overall sheep densities, such
damage and also soil compaction are probebly small except on

or near sheep-paths and overnight resting sites and on areas

of the most palatable vegetation, Agrostis - Festuca grassland
(Yughes et al., 1964; Hughes et al., 1975; BRawes & Welch, 1969 ),

- In such places, changes in swerd composition are likely to occur

as a result of variation between herbage species in resistance

" to treading (Batea, 1935 for mixed grasslands bn various 50ils;
Edmond, 1958, 1962, 1963 for sown grasslands with clover). Grasses
are'mo?e resistant to trempling then species such as Myrico gale,
Pteridiqg aquilinum and Vaccinum myrtillus which are undesirable
to livestock (Frame, 1971), Changes in the composition of the

swardlglso occur when grazing pressure is insufficient to lead to
severe freading damage (Welch, 1974; Welch & Cummins pers. comm.).
Any changes in sward composition producé shanges in the type and/or
amount of plant remsins returned to the soil and thus may lsad to
changes in soil dhemical, biological and physical characteristics
(ppe8 = 12),

From the above comments, the treadin: énimal aﬁpears_to be entirely
harmful to the grazed sward-soil system however, Davies (1938)
considered that a small amount of trampling helps to break up

and acrate the soil surface and to earth up the hases of grassland
plants, Some farmers use light trampling on a reseeded hill
pasture in the belief that it has a firming effect similar to

that achieved by using a roller (Newbould, 1974). Miles (1973),




working on heather moor, bireh and pine woodland and juniper
serub in Inverness~shire, found auch higher densities of self-
sown seedlings on soil bared by deer trampling than on
vegetation~covered soil so perhaps trampling is important
locally in creation of niches for new species in & closed
community, Crocker (1953) coneiders that heavy grazing
ereates vacant niches which are occupied by lesa palateble
species from within or outside the community and this applies
also to low levels of trampling (Liddle & Greig-Smith, 1975b),
However, Floate et al., {1973) and Jones (1967) find thet grazed-
~out gpecies are not necessarily replaced by unpalataﬁle species

'(pp. 8 - 12). Published comments on the effect of trampling
on vegetatiVve reproduction of pasture species are conflicting;
Davies (1938), Pearsall (1950), and Rawes & Welch (1969) state
that treading plus grazing promotes the tillering of grasses
whereas Edmond (4958) noted & progressive reduction in

| tiiléring of ryegrass and node formation by clover as ..

.8tocking density increased from.O to 8-sheep_h§71.

. .b) Effects associnted with the cycling of organic matter and

- nutrients within the animal-vegetetion-soil system

On ungrazed hill-land, plant material produced above and below
ground eventually dies and, as 1t decays under the influenée of
apil bacterie, fungi and animals, the nutrients which it cantains
are relecsged and either held in the s0il or re~ahsorbed by
plants, or leached out of the scil.. This leaching is most
pronounced where rainfall is high, as in much of western

Brltaln, and where the plant remains produce substancea sﬁoh

as acids and polyphenols which promote movement of matermals

down the soil profile. Bases, are amongst the nutrients which

aré;leaGhSd out, so the plant remains, tend to become

LI




progressively more acid. This acidity, combined with the
lack'of‘readily—available nutrients and the low temperatures
prevalent iﬁ-hill areas restricts the numbers and activities
of decomposer organisms, so decomposition proceeds slowly

and formstion of a mat of plant remains and/or of peat occurs,

The iﬁposition of regular grazing on the system described above
involias defoliation, damage to the plant by trampliﬁg and

30il compaction and hence usually lower herbage produc.ti._cm
(Bryant et al., 1972; Bdumond, 1958; Floate, 1972; Rawes

& Wolch, 1969) and root growth (Schuster 196.4). This;_
togebher with digestion and assimilation of some meterial by the
animel, reduces the amount of organic matter returned to the
soil. In a paired-plot fence-line study in Scotland, Floate
(1972) found that imposition of grazing led to a reduction in
the thickness and amount of surface organic matter. Howard

& Howard (197,), working on Agrosto-Festucetum in the northern
Penniﬁés, found no change in the amount of surface organic
remains with grazing but suggested that in the absence of
grazing much of the dead grass is supported by the live

vegetation'and hence was rnot collected in their soil cores.

If overstocking oeccurs, herbage will be so reduced and
damaged that bare soil will appear. The latter is highly
susceptible to ercsion and is also exposed to extremes of
temperature which may, on balance, be unfavourable for
micrdﬁiologicgi activity although moderately high temperatures

favour high activity if moisturo does not become limiting.

Grazing involves channelling some vegetation through the animal
and back to the s0il in droppings and urine, The benefiocial
6ffects of dung and urine on soils and vegetation'are welle
known but quantitative evidence of their influence on nubrienmt
oycling is less well documented. Floate (1972), in
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laboretory incubation studies, compared the release of
nutrients from (A) pl-nt moteri-l cut in October and (B) fao-
sos produced by sheep fed the same materials cut at monthly
intervals from May to OQctober. He found that readily
aveilable nitrogen {N), including urine N, increased from
31.5 for & to 52.7 kg pa for B for ﬂgrdstis—Festuoa

and 12,0 for A to 18.4 for B kg na_1 for Nardus in spite

of herbage production decreases of 6% for A and 2,% for B,
Similar results were found for phosphorus (P). . He also
demonstrated increased uptake of N and P from dung and urine

by the pasture plants, Clearly, grezing speeds up the
nutrient circulation in the surface soil/vegetation system
and this more rapid re-use of the small amounts of available
" nutrients prosent in hill. soils can be interpreted as an

indication of improved soil fertility.

In his fence-line study, Floate (1972) found that grazing led
to: )

1) Reductions in the ratios of carbon {C) to N and P for plant
remains &nd of soil to {40 em depth, Such ratios are
~often thought of as indicators of soll fertility.

ii)  Increases in both total and organic P but no gignificant
' change in the concentration of available P in the top 40 em
of soil.

1ii) 4n increase in scil pH but not in base saturation.

~ Howard & Howard (1976) recorded higher nitrogen contents and

a lower C/N ratio in the top 3.5 enm of soil with grazings
Respiratory activity of the soils was h:.gher on the ungrazed
area, probably as a result of conversion of herbage to faeces -
with a lower respiratory activity (Floate, 4 970). During

& Radeliffe (1962) found thet the top L om of the dung-enriched
soil of sheep-tracks on hills in New Zealand had a highér c
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content, a much higher N content and a lower G/N ratio

than other soil on the hill,

The above comments refer t'_o:nutrient' cycling in unimproved
scils.  If lime and/or basic slag are applied on a grased
erea, marked increases in soil fertility occcur from enhanced
decomposition, reduction of mat formation and improved base
status (Shaw, 1958). Liming and other scil amelioration
treatments are usually coupled with inereased stooking.

This leads to a further increase in the proportion of the
herbage production which is channelled through the animal

and a further reduction in the amount of decomposing herbage
on the soil surface (Floate, 1970, 1972), It also leeds

to inoreased utilisation of relatively unpalatable species
and ultimetely a change in sward composition towards dominance
by more pala.talble g:'r'-aiainaceou,s apeeins., Flmte et al.
(1973), for e:ﬁam;;le, showed that a Nerdus sward could be
chenged to a palatable gress-dominated sward using controlled
intensive grazing :+-'1i1:'ne. + NP + Potassium {K) + surface
seeding, but at o high cost.. Jones (1967) cbteined similar

' results in Wales,

From the soil conservation viewpoint, if sheep are to be kept
in high rainfall aress, a management regime is required which:

i) mainteins a continuous protective cover of palatable
herbage plants and agsociated plant remeins '

ii) meintains the scil in as fertile condition and with
as good structure as possible.

These requirements are at least partially met by the H.F.R.O.'s
proposals for a two—pasture_system involving:

i) improvemant of the 'part of the avajilable pasture which
can be most economically improved, that is, that on the better

80ils already carrying some 4grostis-Festuca or bracken
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ii) paximum use of the herbage production on this area
by heavy intermittent cropping -

iii) heavier use of the unimproved ares especially during
the summer (Eadie, Armstrong & Maxwell, 1973).

This approach allows much heavier overall stocking with sheep
and some cattle. The latter are less selective in their
grazing than sheep and they control and reduce the coarser
herbage species (Fenton, 1937). In field trials, mixod
grazing has led fo & higher output of sheep flesh plus a
bonus of sdme cattle flésh'(Wannop, 1965) and may therefore

be desirable on economic zs well as ecclogical grounds.

In the Lake District, although the H.F.R.0.'s proposals have
not been put into ﬁréctics to any appreciable extent,

_ imprbvément and more efficient use of the lower eltitude

grazings with better soils is favoured. In particular,

the use of herbicides such as asulam for bracken is being

tried. Soil changes resulting from such treatments and from
associated practices, such as reseeding and stocking with

cattle, are currently undescribed,

Removal of nutrients from the system in the &nimal crop

Several authors have calculated removal of nutrients in the
hill sheép crop per unit area per year., Comparable data for
hill cattle do not appear to be available although Dean et al,,
(1975) calculated removal of nitrogen from a short-grass
prairie in northern Cclorado by yearling Hereford heifers
during June-August. The two grazing intensities used, O.11
and 0,37 -_Q.48 animals ha-1, are of a similar order %ot hose
found on British Gill grezings and they led to N removal$ Over
the thres months_of_reapectively 59.2 kg and 115.4 kg 100 ha_qo
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'Grisp (1966) collected information on the nutrient budget

for an 8% ha peat-covered catchment aon the Moor House National
Nature Reserve in the northern Pemnines osrrying about 18 shoep
from 4pril to Ooctober only (Table 3). Nutrient outputs in
sheep were small in relation to a) outputs in water and eroding
peat, b) nutrient reserves in the pat, ¢) and inputs in
precipitation, Moreover, other studies indicéte that
precipitation contains only part of the total nutrient input

( pps 29 - 30}, : Alexander (197,) indiceted that

hit f%xation of the oxder-of at lezst 10-20 kg 100 ha.-1yr—1 ocecurs
eqmmdnLy on tundre/moorland type-sites in the Northern Hemisphors,
Tﬁo.out of five values for Pennine moorland were excesgsively

high, 3790 and 1059 kg 100 ha 'yr 1.

.Rawes (1966) and Rawes & Weleh {1969) caleulated nutriont removal
in sheep for the whole Moor House National Nature Reserve of 9850
ha stocked with a maximum of 8500 sheep from April to October
~(Table )}, Rawes (1966) also caloulated comparabls figures for
the Lake District, assuming a stocking density of 2.5 ha”1
'f%hroughout_the year {Table ), In the absence of other
comparahle output deta we have compared these losses with the
nutrient inputs published in precipitation for the Leke Distriet
(Table 4). Data for both arsas emphesize the nutrient romoval
in sheep in relation to nutrient input. Supporting data are
also availeble for other areas. James (1971 and pers, comm,)
4_and Robsrts & James (1972) reporting work done on a R. Vye
.catehment of 1043 ha in the Plynllmon area of Wales, estimated
that only 50-60 kg 100 ha~ yr of calcium (Ca) was removed

in the sheep crop of ¢. 2.5 sheep- hafﬁyr 1, whereas streamwater
output was 2930 kg 100 ha 1.and input in precipitatien was

500 kg 100 ha yr 1. Floate (pers.oomm.) estimated that,

taking & high estimate of 2,5 lambs (4100 kg, 0.2% P) produced
per acre of Scottish hill land, less than 20 kg 100 ha @ of

P are removed annually from a soil nutrient pool in excess of
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200000 kg 100 ha ', Grant (pers. ooma.) caleulated thet
1.6-12.8 kg potassium (K), 9-72 kg C3 5-40 kg P and 3 - 240
kg N 100 ha ! was removed from the Sccbtish hill ecosystem by
s ale of lambs and cast ewes with respectively 0,5-0.66 ewes
ha”' and 70% lambing success and 1-2 ewes ha~! and 1008 lambing,
King & Nicholson (196)) estimated that nutrient removal in
shesp products in Scotland emounted to 22 kg Ca and 11 kg P

100 ha_1 with 0.625 sheep ha'1.

Although the shove calewlations vary in ~nalytic~l d=te used
and in the ratio of weights of..sheep carcase to wool, sheep
consistently appear to remove small anounts of nutrients but

this statement requires threo qualifications.

1) As many authors have shcewn, sheep are highly selectivc grazers,
go nutrient removal is concentroted on the most palatable
parts of the sward particularly Bgrostis-Festuca grassland,

- The latter may comprise less than 20% of & mized moor
in the Pennines (Rawes & Welch, 1969) with 2,2 sheep ha.1
_ but may support an average of up to sbout 9 sheep ha™t,
This is in the range of 5.6-18.2 ewe units ha | found for
similar grassland in Wales (Hughes et al 1964), Assuming
9 sheep ha_i, then the losa of P in sheep at Moor House is
about 29 kg 100 ha71, ¢. 50% of the input in the rain,
whereas for the Leke District the P loss would be about

30 kg 100 he™|, similar to that in precipitation. Wannop

(1965) expressed some doubts Zbout the ability of Scottish
hill soils to replenish the P removed in sheep. Similar
doubts may alsc epply for P and other nutrients in the Lake

District for the sreas of more palatable herbage.
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2) A high percentage of soil nutrients is not readily -
available to plants, particulsarly in the wet, acid,
leached organic soils of the Leke District, either
because;ﬂnutrienﬁs are in resistant organic metter in
peat, or in soil horizons below the rocting zone of

herbage species. Perhaps the raote of removal of :

nutrients in sheep ought to be reluted to tho rate
at which nutrients can he subflied to herbagé plants

-~ fronm the.footing zone rather than to the total soil
nutrient pool. Although Rawes & Welch {1969) gathered
a vast amount of data on the shesp and vegetation at Moor
House they were forced to state that ...." as 1little is
known about other factors such as uptske of nutrients by -
‘roots at Moor House, it is at present impossible to
determine whether individual swards or vegetation types

are declining in their stock of minerals and nutrients",

3) .Although levels of removal are currently low in reléﬁiOﬂ~to

nutrients in precipitation,thisfaddoes not necessarily epply

~ during the past flew hundred ywars, In this peribd not only
is the record of sheep densities incomplote, but also data

on nutrient inputs are lacking. Compositionlbf-predipi-—
tation is known tc very with time because of factors such

‘as 'changes in air pellution and wind direction, We cannot

therefore assess accurately the importance of removal of

nutrients by animals in the past.

Effocts of agricultural vehicles

Damage to soil and vegetation by wheeled and tracked vehicles may be
conaiderable on and around well-used tracks especially where the soil
is wet, The effects include many of those already mentioned in
association with trampling by animals,
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Pressures exerted on soils and vegetation by agriculiural tr.ctors
range from 0,21-0,63 kg om > for crawlers to 141 kg en 2 for four
wheeled machines {Lull, 1959). Wallace (1974.) quotes pms'éures of
0.04~0415 kg cm"z for small cross-country vehicles. with tracks or
balloon tyres whercas small trucks with normal tyres exert about
2,54=4.58 kg om“:2 (Tull, 1959). Except .f"or small trucks and larger
vehicles which could.exert pressures up to 7;90 kg onrz (Lull, 1959)
vehicle pressures tend o be about the same or less than those exerted

by grazing animsls,

Effects of ,hmn,_reoxeation

The main effects of the recreating public on soil and vegetation in

the Lake District are associated with walking, skiing, rock climbing,
scree running and the use of wheeled vehicles. The effects are similar
to and, in soms specific locations, e.g. on uruéh used tracks, are as
severe as or more severe than the effects of the trampling grazing
animal,  However, in the area as a whole the effects arc not considered
by émenity bodies to be a major problem (see for example Friends of the
Leke District, 1975). | '

From Lull (1959) ?ressﬁrés exerted on the soil by a human foot are
1.5 kg cm-z for 2 68 kg man with a bearing area of 35 0m2 per foob
(correction of Blair's 1937 date) and 0.8,-0.92 kg en % for man and
117220 kg cm-? for women (Lull's own data)., Liddle & Greig~Smith
(1975a) indicate a much lower valus of 0,180 kg omﬂz. The above
figures arv calculated on the basis of body weight spread over the
contact area of one foot and are the minimal pressures exerted during
walking. They are of the same order as the pressure appliéd by &
sheep foot (Table_1) however, recreating Man often wears walking boots
the use of whioh'could incresse cortact pressures several times, |
Moreover, Harper et al {1961 and 1967) showed that dynamic foot
pressures can range from 1-59 kg cm-‘z for humans in shoes,
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Bayfield (1973) indiceted pace lengths of 55-73 om for walkers on Scottish
hill pathas. These valuss are considerably larger then those for sheep

or cattle (15 and L5 cm p. 4. )e Purther direct comparison between
pressures exerted or aress compacted by grazing eanimals and Man is difficult
because of differences in locomotion and in locomotory behaviour and
currently impossible because of lack of suitable data for use of paths by
sheep and cattle or average use of whole areas by Man,

The effect of trempling by Man on scil and vegetation has been much.
documented and discussed (Liddle, 1975, Lull 1959, Marren 197,; Speight,
1973; of alsopps 3 - 8) so only an outline of the types of changes
which ocour will be given here, Chappell (1971) working on chalk
grassland, found that as trampling increased the soil bulk density
increased and water stability of soil aggregates, scil moisture content
and numbers of soil animals all decreased. Chemical changes were not
significant or could not be teated because of bulking of samples but
tendencies existed for increases in percentage of iron in the reduced
(ferrous) form, amount of ammonium N and percentage total N and decreases
in amount of nitrate, percentage organic C and G/N ratio. Similar C
and N trends were found on sheep-paths by During & Radcliffe (1962),

Composition of the sward changes considerably on heavily trampled areas
(Bates 1935; Bayfield, 1971; Chappell, 1971; Davies, 1938; Liddle &
Ereig&Smith,_1975b). This has been attributed to differences in the
resistance of different species to physical damage (e.g. Bates, 1935)
end in the response of different species to changed soil conditions
8+ge 801l moisture status (Liddle & Greig~Smith, 1975b) or soil
temperature (Liddle & Moore, 197;). Vegetation cover usually decreases
with treppling (Bates, 1935) but vegetation diversity mey decrease

or increase depending on trempling intensity and initial condition of the
vogetetion (Liddle, 1975; Miles, 1973 andpps 3 = 8).
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Appreciable mechanicel damage to vegetation leads to -rcduction in
vegetation height (Liddle, 1575) and in the dry weights of eerial -
parts of plants (Duffey, 1972) although Liddle and Greig-Smith
(1975b) indicate that low levels of trémpling at,.for-example,
path margins, may stimuwlete production. Any change in the t ype
or smount of live or dead plent material in or on the soil is..
‘likely to lead to .changes in the mieroclimate around the soil
surface (Liddle & Moore, 1974) and in the scil biclogy (Cheppell,
1971; Duffey, 1973).

. .Damage to soil ahd vegetation by skis and wheeled vehicles may be

| _“§pnéidéréble and continual locally and ingludé many of -the. effects
associated with trempling by Man and animals (Bayfield; 1973a, 1973b;
Luil, 1959). Pfessures exerted by a family car amount t0 about 0.5 kg
em 2 on soft ground or 1.5 kg o2 on hard ground, that is about the
same as pressurces exerted by the sheep hoof (Table 1).

~ In the Lake District, commercially organized skiing, except for

- & small amount of grass-skiing, has not gained a foothold so the

. major effects of associated construction works (Bayfiel&, 19?3&)

are not seen, Wheoled vehicle damage, including that resulting from
use of motor-cycles an the fells (Friends of the Lake District, 1975},
appears to be slight. -

Effects of trees and forestry

a) Effecté of trees

Yorest soils exhibit peculiar characteristics acguired undexr.
the influence of three soil-forming factors uncommon in other
soils - tree roots, forest litter and specific organisms

whose existence depends on the forest vegetation (Wilde, 1958).
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We will consider the effects of trees under only two headings,
i) roots ii) litter. Soil orgenisws are associated meinly with roots
and plant remains and will therefore be discussed hriefly under both

headings.
1) Rogts

The soil-stabilizing action of trees roots is well-known
(Fournier, 1972) In many lake District woodlands on steep
skopes, an acoumtlation of soil and/or stones =nd most
advqnced soil profile development occurs on the upslope side
of trée bases or of the main surface roots. This indicctes
thot ' trees are inhibiting some downhill sail movement but
that they are not preventing this movement entirely. Clearly,

- these observations do not indicate that tree roots are preventing

soil érosion which would hdve occurred in the absence of trees.

*‘The ‘distribution of tree roots in the soil depends partly
on tree species and partly on soil charecteristics, It
used to be thought that certain species, for example spruces,
wore typically shallow~rooting whereas othéfs; for example
pines ond many deciducus trees, were deep~rooting. This view
has now been largely discounted and it is becoming clear that
mahy species can adapt their rooting form and depth when
influenced by soll characteristics such as shallow depth,
stoniness or a high water-table {Sutton, 1969),

Where roots come into contect with rock they appear to

cauge &ppreciable physical disintegratidn'and-chemicéi
weathering., Klausing (1956), for example, suggested that
in a beech wood granite and diorite weathered at rates of
respectively 1.2 and 2.1 mm yearr1. Evidence of weathering

in forests by the action of acids leached from o« ganioc
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materials, by carbon dioxide produced by the roots and by
the action of s0il micro-organisms is reviewed in Lutz &
Chandler (1946). Voigt (1965) and Weed, Davey & Cook
(1969) give further details.

One of the main functions of roots is absorption of water

and nutrients from the soil., The mycorrhizel fungi growing
in and around the root tissues helps the plant in the absorption
of nufrients, particularly phosphorus, YWhen a root dies or is
killed by fell:'i.ng'of ‘the tree the organic metter. it contains
is slowly decomposed by the joint action of scil baoteria,
fungi and soil animals and the contained nutrients are released
slowly into the soil, The presence of root channels in scil
renders the latter more permeable to air and water whereas
organic metter from root decomposition helps to maintain the
hums level throughout the soil profile, Thess effecta are
particularly important in an area such as the leke Distriot

 where the high reinfall tends to leach the soil of nutrients,

and deep-burrowing earthworms are often absent because of high
soil acidity.

Litter

Litter, the fallen dead dbranches, leaves, flowers and fruits,
acts as a blenket on tho soil surface protecting the underlying
soil and the roots and soil organisms it contains against
extremes of temperaeture, direct insolation, and the direct
impact of rain and restricting eveporation from the soil.

'_The nutrients in litter can only become available to plants

by decomposition of the litter under the influence of
numercus different types of soil organisms.
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Litters differ in their composition. Some, sueh as many
coniferous litters and beech, have a low lime and nitrogen
content but confain relatively high amounts of acidic
materials, fibre and pclyphenoiic compounds, whereas

others, such as ash or elm, are rich in bases and nitrogén
and low in acidic¢ material and fibre, The polyphenclic
campounds inslude the tannins found in large quantities

in some tree barks. During senescence of the leaf or
neadle, the polyphenollc m&terlal in the cell sap interacts
with the protein of the cell protoplasm by a process similar
o the tanning of hides. The presence of tanned protein
and of the other litter characteristics mentioned above helps
to explain why certain litters are less digestible and more
unpalateble to soil animals and more résistant to microbial
atbeck than others (Hendley, 1954).

Trees whicki produce slow~decomposing litters bring about
& redistribution of nutrients in the soil profile with a
concentration largsly neer the soil surface. Large amounts
of nutrients may be immobilized in plant remains., -Ovington
(1959b, 1962), for example, showed that, in a 55-year old pine
planﬁaticn,_émcunts of nutrients squivalent to 18% (Na) to 90%
(N) of the nutrients in the standing trees were present in the
plant remains on the soil surface. During percolation of
rain~water, nutrients are leached from the remsinsg and iron and
aluminium are moved down the profile under the influénce of
acidic materials and ﬁolyphenols”from the litter, the process
of podzolization. The occurrence of podzollzatlon and of
obvlous accumuletions of ccld nutrlent—pcor litter under
conifer and some hardwood trees are perhaps the main reasons
why some species have acqu;xed the reputation as soil
degradcrs, however, the Justlflcatlon for this rcputatlon

remains coniroversial (Page, 1968).
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Although the effeect of tree 1itte:cl'lon_”scil is only partially
understood certain points are now claar.. The émdﬁnté of
bases, polyphenols and other materials which affect soil

. .profile development vary not oniy between éﬁecies'but also
.within_apecies depending on the base status and type of soil
on which the trees are growing (Mork, 19.2; Coulson et al.,
1960)s This implies thot it may be possible to alter the
effect of the trees on the soil by altering the scil base
status. Some species, for example birch, are often regarded
.as soil improvers {Dimbleby, 1952; Gardiner, 1968) but this -
view has been challenged and is still controversial (Rénnie,

 1956).  One cause of such controversy is the tendency of

- . some workers to focus their attention on fhe Sﬁperficial soil

layers, where some changes undoubtedly occur (Ovingtoﬁ, 1953 ),

rather than considering nutrient céntent, nutrient availability

, and other characteristics of the whole soil profile in relation

- t0 the tree's requirements,

Podzolization appears to bé unavoidable under conifers on

some sites in EBurope. It is repid and complete under pine on

poor sands or under spruce on fine-textured soils which previously

carried deciduous forest whersas on other soils it is only

partial with increases in the amount of superficial plant

remains, acidity and C/N ratio for humus rich layers

(Fournier, 1972), Pelisck (197,) indicated a similar picture

for Czechoslavakia where 20-4L0% spruce mixed with broadleaved :
trees caused no adverse effects on moist alluvial soils at

100-200 m altitude and increuasing percentages were tolerated .
- as altitude and rainfall inoreased until, at 1100~1200 m pure

spruce produced no significent deterioration of brown forest

soils. Productivity was reduced significantly if a tooc high

percentegs of spfuce was planted partly because of goil

degradation physically and inaﬁeqpate nutrient availebility

and also because of high interception of precipitation by

spruce during the growing season, Gerwan workers, in general,
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also associate podzolizetion with decreassd. tree productivity

but Genssler working in the Harz mountains and Holmsgaard

et al,, in Denmark found no reduction in timber volums pruductian

even over three generations of trees on the same sites with slightly

- podzolized soils of unspecified types (Fournier, 1972).

Effects of forestry

The main effects of forestry include socil compaction and

digturbance associated with forestry operations, ohanges in

amount and gquality of run—-off water, which has an obvious

bearing on loss of scil nutrients and particulate matter,

and removal of nutrients in the tree crop.

i)

S0il compaction and disturbance

The maximun direct effect on the soil cccurs during

site preparation prior to plenting when drasinage operations,
ploughing and madmaking seversly disturb and to some extent
mix the soil, and during harvesting when heavy machinery
moves into the forest. ppe 15=16 sbove indicate the new
range of pressures exerted by vehioles likely 0 be used in
forests however, as Luil (1959) points out, weight may not
be very important as pronounced effects have been found
with emall pressures. Under wet conditions, madroscopic
pore space was reduced by half and infiltration rate by 80k
after one pass by a crawler tractor (of pp., 15-16).

- 10-20% of total area may'be compacted during tractor logging

but areas affected can be much reduced by maximum use of
roads and of lcg slides or overhead cable-ways.
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Binns (e rsonal communication) has pointed out that
evidence of effects of compaction on forest prouuction is
scantys Youngberg (1959) examined the growth of Douglas
fir seedlings in soils compacted by tructors during
logging. Growth was significantly less on compacted soils
compared with that on ﬁhe apparently undisturbed soils of
clear-felled areas, probably because of poor aeration and
low nitrogen in the former scils., TForest scoils in _
general are light and ersily compacted (Iull, 1959) but
they are usually little disturbed for long periods and are
therefore able to recover from severe compaction or
disturbance with the aid of natural biological and physical

Processes,

Changes in the run-off water

In British plantations, 10-54% of the incident precipitation
fails to reach the ground because of interception by the
tree canopy and only O.04~0.32% of the total flows down

the stems of trees (Ovington, 1954).,  Trees therefore
reduce considerably the amount- of water available for soil

leaching and also the direct impact of rain on the soil,

dppreciable guantities of water which have been taken up

by the roots are lost via the leaves as transpiration.

As a result. ofl interception plus transpiration, trees

eépécially'cbnifers, tend to dry out the s0il. This is
seen best in the shrinkage of peat soils after afforestation
(Biﬁns; 1968); Trees also reduce run-off water to only
28-58% of incident precipitation, comifers tending to give
lower figures than hardwoods {(Ovington, 1962).

Comparisons of total evaporation from forest and grassland
or of water yield from forest and grassland catchments have
given variable results (Rutter, 1968). This variability
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is5 asscciated with variability in the pattern of rainfall
‘and in the evaporstion of intercepted waser (Rutter, 1972;
Stewart & Oliver, 1972). Bvaporation is likely to be
fastest and hence poasibly greater during the warmer
months. In low-growing vegetation, transpiration and
evaporation are of similar magnitude but evaporation of
intercepted water from forcst is greater than transpiration
loss (Rutter,1968), up to five times.greater under windy
conditions because of the aerodynamic roughness of the tree
canopy (Rutter, 1972).

In watershed studies at Coweeta, USA (Hoover, 1944),
clear-felling of mixéd hardwood8 incresssd run-off

by nearly 53% and run-off as a percentags of incident
rainfall from 34% to 59% (c. 4,1-62% according to Hibbert,
1967). Deta from cther sites summarized by Hibbert (1967)
indicate increasses in run~off of the same order or less
after clear-felling forest. At Coweeta, establishment
and growth of pines for 16-17 years on two catchments
reduced streamflow to 20% below the value expected for a
herdwood stand {Swank & Douglass, 197 ). | |

Prepuraﬁién of an area for planting of trees often involves
':'drainage operations. From studies by Painter et al., (19?4)
on catchments with variable socils (péaty podzols, peat,
boulder clay, sand) on Plynlimon in Weles and at Coalburn

in north—west Engiand the se operations can lead to &
1000-fold iﬁcrease in loss of ?articulate matter and.
presum&ﬁxy also in nubtrients, A similer but spaller

effect occurs when an aren is clear—felled {Borman et .al.,
197;. likens et al., 1970), although Packer (1967)
conoludes that olear-felling itself is virtually
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hermless and it is the subsequent logging operations

which increase soil erosion and streem turbidity (Dyrmess,

1967; Packer, 1967). Likens et al., (1970) studied

effects of clear—-felling an area of mixed hardwoods with
soms pine and fir in north-east USA, Their expsrimental
arca had a continental type of climate but in saue respects
resembled parts of the Lake District, Altitude ranged
from 229-1006 m, rainfall was sbout 123 cm 2nd the soll

was acid podzolic glacial $i11 overlying acid metamorphic

rocke. The @azin results were as follows:

Annmual run-off of water inereased by 39% in the first year
and 28% in the second ysar after clear-felling over the
values expected if the forest had not been cub.

Particulate matter in stream~water incressed from about

25 kg to 100 kg haf1,with an increase in inorganic

'.P&rtioulate matter from about a half to three-quarters
“of the total. |

Concentrations of all major ions,.except anmonium, sulphate
and bicarbonate, in the streem-water increased five months
after deforestation. Nitrate shaved a j1-fold and 56-fold
inerease in the first and second years rospectively after

clear-felling,

The inersase in cations was explained by a change in the
nitrogen cycle in the forest system. In the undisturbed
system, any nitrete produced during decomposition of plant
remains was conszerved by uptake by plents but vhen the
vegetation was removed, nitrate plus associated cations were

readily washed out of the soil, Hydrogen ions replaced the

~ecations in both the decomposimg organic matter and on

inorganic materials.
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5.  Sulphate in stream-water decrsased because of increased
run-off and elimiration of sulphate generation within the

systems

6. Stream-water temperaﬁures were higher after deforestation
and varied 30-400 diurnally in summer compared with virtual

constancy prior to felling.

The management pructices used by Likens et al., prevention of
regrowth of all vegetation after clear-felling by use of
herbicide, no cunstruction and use of forest roads and no
repoval of felled trees fromw their site, were very different
fron normal forestry operations in U,S.A. and in Europe so
their results are likely to he of limited applicability
generally. Sopper (1975) has placed them in the context

of results from numercus other catechment studies in North
America and concluded that sediment and turbidity prcblems

can be minimized by careful siting and construction of logging
roads, stream temperatufe changes can be avolded by leaving

a narrow strip of trees or brush alongside streams: and
“nutrient losses following clear-cutting are small to negligible
if rapid revegetation of'the site occurs. The importance

of & continuous vegetation cover and ifs associated litter layer
in retaining nutrients on a site hes been strGSSed by Thomzs

& Grigel (1976) for evergreen mountain laurel in Tennessee.

Tamu et el., (1974) also reviewed the effects of forest
operations with particular relevence to Europe., They provide
evidence that mitrate ~ N increases up to 8-fold in water from
clear-cut areas particularly on the more fertile soils.
&ddition of N fertilizers, particularly ammaniﬁn:nitrﬁte, can
lead to large inereases in N content of stream-water and
ground water, The fate of added nitrogen on clear-felling

is debatoble but the scanty available evidence suggests that
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the soil plus vegetation will be able to retain most of it
on site, Sopper {1975) concluded that use of N fertilizers
leads to only temporary increases in the N content of run-off
water, Phosphorus and other elements are lost in drainage

- water from peatlands particularly after fertilizetion with
soluble phosphates (Tamn et al., 1974), The latter suthors
also express concorn that increased fertilizer use could lead to

marked changes in scil and water acidity.

iii) Removal of nutrients in timber

During the past 80 years or so, and particularly during the

past 20 years, numercus dote have been collected on the amounts

of organic metter and nutrients in the various parts of trees

of a various species growing under a wide range of site conditions
(Ovington, 1962; Rennie, 1956; Rodin & Bezilevich, 1967).
Ovington's (1959a, 1959b) study of Scots pine is one example of
‘this type of work {Table 5). e felled a series of sample

trees of different ages all growing on virtually the same soil
type and in the same area and measured the weights and chewical
composition of their component parts, He alsoc gathered data on
roots, needle fall and on the soil. He wes then able to estimate
the rates of accumulation of nutrients in different parts of

the tree and in plant remeins as well as changes in the soil with
time,

For comparison with the tree data, we have assembled data on
inputs of nutrients in precipitation (Tsble 5). These are
of the same order as values given in Table 3 for Moor House
and published date for other parts of Britain, (Bgner &
Eriksson, 1958/1959; Madgwick & Ovingbon 1959). '
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Of the average annual uptake of nutrients over the 55 years,

a high percentage passes into the leaves and wWltimetoly

Peturns to the soil surface in dead needles, branches and

cones, Some nutrient uptake is retained in the tree crown

and roots (not shown in Table 5). Only a small pementage,
often less than 10%, is retained in the trunks. Clearly,
average annual nutrient losses from the gystem in tree trunks
alone, which can be regarded as losses from the soil, are very
low and could be accounted for approximetely by nutrient input
in precipitation. However, precipitation supplies only part

of the nutrient inbut. Droplets and fine dust particlss
{aeroscls) originating from dusty roads, sea spray and other
sources also contain nutrients and they enter the system even
during dry weather. The size of this input at Thetford is
unknown but White (1969) estimated anaual 2erosol. inputs

to & deciduous woodland near Grange~over-Sands to be 12520 kg
100 ha™"! Na, 630 kg 100 ha~' K, 4,20 kg 100 ha”' Ca and 12 kg

100 ha™" P. The N input in Table 5 is also a minimum value as
atmospheric N is fixed biologicelly by micro-organisms in soil
and on leaves or 8 atmospheric amonia-trspped in acidic

plant residues. Ovingtan (1962) indicated that ¥ fixetion

in forest may be about two-four times the emounts of N in
precipitation quoted in Table 5, but Jomes ot al., (1974),
basing their calculations on nitrogen fixation measurements in
in Douglas fir canopy and soil irn the southern Lake District and
tree data from Ovington's studiss in southern England plantation
(summarized in Ovington, 1962), estimated total N fixation of
7571974 kg 100 he™! yr| with 58-76% of the Fixation occurring
- in the tree canopy. Alexander (197, ) gives a rangs of 0-3500
kg ¥ 100 hal yr"1 fixed in Betula, Pinus and Picea forest soils
on tundra~type sites in the Northern Hemisphere. Brouges et al.,
(1969) recorded up to 4900 kg N 100 ha | yr-1 fixed in various

- moderately acid forest soils in Yusbes,.
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Weathering of mineral soil and rock provides some nutrients

but relevant data on rotes of weathering per unit area under
field conditions are unavailable., Differences between inputs
and outputs of nutrients for a site msy be taken only a5 a rough
gulde toc weethering rates because of the complexity of each
system, the usuzlly low precision in mwasurernént of systenm
components and the existence of long-term trends in some
components., None of the most relevant available input and
output Gata for afforested catchments, four quoted in Likens

et al,, (1967) and one in James (1971), include cstimates of all

possible nutrient inputs and outputs.

Although production of complete nutrient balance sheets for
forests is difficult, consideration of available data above as

a whole leads %o the conclusion that managed forest systems tend to
accumulate nutrients and do not deplete the s0il of nutrients
excessively as suggested by Rennie (1956) who under-rated the

importance of the various nutrient inputs to the forvst.

Rennie produced some vseful data on average nutrient uptakes
by trees and parts of trees over 50 and 100 years and we have
used these on e modified basis to estinate removal of nutrients
in tree stems during forestry operations (Table 6). Rennie
used published data on yield, nutrient composition and dry
weights of trees in European forests as a basis for his
caloulations, the data coming from 42 original studies including
trees in growth clesses I - V on predominantly acid sandy

s0ils and some base-rich soils, Data were grouped into pines
(two species)}, other conifers (three species) and hordwoods
(eight species). Rennie did not explain fully why he
separated off pine date from oth.r data, but he implied that

this was because low nutrient demand was expected for this

group.
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Qur estimetes of nutrient removal (Table ) exclude brush
tinber of less than 7 cm in diameter, If brush timber was
removed from the site, the values given would have to be
inoreased by about 37-59% (Ca), 54=61% (K) and 69-88% (P).
Figures produced by other authors for individual nubrients
for other sites (Ovingbon, 1962) often differ numerically from
those given in Tables 5 and 6 but all agree in strossing the low
percentage of nutrient uptake removed in timber, Rennie did
not provide data on N removal so rough estimetes of loss in
trunk timber were obtained from K or Ca loss and the ratios

of N/K or N/Ca for trunks including bark assembled by
Ovington (1962) (Tatle 6). Othsr published data, for exemple
in Duvigneand & Denaeyer—-de Smet (1970} and Rodin & Bazilevich
(1967), indiccte that the ratios used in Table 6 are adequate
in the limited context of this papere. - '

The applicability of Rennie's data to Leke District conditions
_jmay'be guestioned, In answer, one may say that the figures
refer to tress growing predominantly on nutrient-poor sites, -
Rennie himself considered that the results were applicable

to moor soils in Yorkshire, and his nutrient retention dcta
are of the same order as datos obteined and assembled for -
various tree species on poor soils by Duvigneaud & Denseyor-
de Smet (1970). OQur estimates (Table 6) are lower than the
values quoted by Fournier (1972) who suggcoted that nutrient
removels for a cless I spruce plantation yielding 1500 m2 of
tirher 100 ha” | were 663 kg (K), M43 kg (Ca), 131 ke (P)

and 1500 kg (N) 100 ha yr .

The data in Table 6 confirm the conclusion drawn fran Table 5
that nutrient removal in tree trunks is of the same order as
total nutrient input in precipitotion over the 1ife of the
tree and indicate that conifers, especially pines, are less
nutrient~demanding than bardwoods, However, as Remnie (1956)
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stressed, nutricats are removed from circulation for meny
years in the woody perts of trees and this irmobilization mey
have a major effect on the nutrient status of the site,
Renniets (1956) data for totel uptake exclude nutrients in
foliage and roots of thinnings and in litter but support our

statements above.

Differences between nutrient cyeling in coniferous and deciduous
_ forests include nutrient return in litter. Idtter-fall on a
dry woight besis is 15-16% greater in coniferous forests than
in deeciduous forests and mineral content of conifer litter is
ahout_jB—}é% of that in deciduous litter excluding Fagdceae
(Bray & Gorham, 1964). Nubrients in conifer litter—fall per
unit area, excluding N, are therefore about A% of those for
dociduocus trees. For sites growing conifbrs, the advantage
of low nutrient demand is offset by production of large
quantities of nutrient-poor and slowly decomposing litter
which may affect soil characteristies in undesirable w&ysfp.zﬂ
but which, nevertheless, may help to retain nutrients on a site
(Thomas & Grigel, 1976). The reverse is true
for many deciduous trees with othar litters occupying an

intermediate position,

Comparison of the effects of grazing animols and trees on the soil

The moin differences and simileritices in the ecological effects of
grazing and forestry fall into two moin classes, a) effects on the
soil and b) removal or loss of nutrients from the system in animals

or timber, in sclution and as particulate material.

a) Effects on the soil

Soil compaction and/or disturbance by animals, Men and vehicles
oecur .very locally on paths and roads with beth hill farm-
. ingand forcstry but this does not appeer to be a major problem
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over large areas largely because of the low intensity or
frequency of use and because affected arecas tend to recover
naturelly (pp. 3 -~ 8 & &3 - 2,). Both uses also lead to
changes in vegetation which reflect back on the soil

( pps 8w 12 & 19 = 23 ) Data are not availsble which
allow a comparison of changes in socils and vegetation for the

two uses in the Lake District.

Bvapotrangpiration is higher for forest than for non-forest
areas (Douglass, 1967; Ovington, 1968; Rutter, 1968), largely
because of the higher evaporation in forests, transpirction
tending to be the same in forests and grassland in the British
climate (Rutter, 1968), This léads to a drier soil and lower
run~off for forests than for non-forest. The tree canopy
togetﬁer with the layer of plent remains on the soil surface,
help to protect the soil from the direct impact of rainfall and
from climstic extremes thus favouring root growth and activity.
In contrast, on grazed non-forest areas,menagement tends to

" reduce the protective influcnco of vegstation and plant remeins
by encouraging grazing of the sward and reduoiﬁg the amount

of plant remeins on the soil surface.

Tree roots undoubtedly bind tho soil on slopes better than the
roots of herbage gpecies. It is well-known for example,

that gullying can be halted if trees can be planted around

- the rim of the gully. |TVhether it is nécessany to ﬁlant trees
in a particular arez to protect the soil against erosive
influences must ultimately depend on the nates of erosion and
soil formation under normal climate and the frequency, severity
'and-éfoéive infiluence of climatic extremes. In commercial
foresfs, the timeé of planting and timber extraction are likely

to be the critical periods for soil erosion whersas on a grazed

- area erosion potential chenges gradually reaching a critical
point only when high poténtial coincides with extreme climate,
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In general, tree roots extend to & greater soil depth

than do roots of herbage species (Douglass, 1967; Rutter, 1968).
This implies that more water and nutrients are potentially
available to trees than to herbage species., 1In addition,

trees appear to be able to exploit nutriemts in the

underlying rock by.actiVely encouraging physical'bréak up

and chemical weathering in the rooting zone { pp. 19 = 2QJ.

Grazed upland pastures, uniike forest systems, do not
accumulate a largs store of nutrients in the otandlng vegetation
50 their nutrient cycllng tends to be faster than that in
woodlands, particularly where most of their primary production
is diverted into the grazing amimal ( pp, 8 - 42J,  Both
forests and grasslands return large quantltlbs of organic natter
and nutrients to the soil surface annually and this return

tends to counteract the leaching effect of high rainfall
| particulafly in forests where nutrients tend o be brdught up from
the deeper soil or rock. Date given in Bray & Gorham (1964)
and Rodin & Bazilevich (1967) together suggest that amounts
of litter-fall may'be_Similar for both'land-useé_in & given
climstic zone. The rstes of decomposition of leafy plant
remains and of relesse of the contained nutrients appear to be
highly variable but of the same order in forest and grassland
(Latter & Cregg, 1967; Dlikola, 4954). Liming, fortilizer
additions and increzsed stocking on hill pastures encourage
faster nutrient cycling whereas the very slow decoﬁposition of

woody material in forests tends to rebard cyecling.

Both hill-farming and forestry can produce changes.in the soil,
such as decreases in the organic matter or nutrient content
and in availaﬁle nutrients, which may be interpreted as
deterioration. However, unless these changes lead to rates of
srosion greater than the rate of soll format ion they are not

necessarily of major importance.,
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b) Removal or ioss of nutrients from the system in apimals or

timber, in. solution and as partieulate material -

From Table 6, sheep production involves far less removal
of nutrients from the hill than forestry, even for N which
is much more abundant in animal tissues then in plant
wmaterial, Detae given by King & Nicholson (1964) for Ca
and P removal in pines (after Rennie, 4956) and in a sheep
crop (their own estimates, p. 14 above) supports this
conclusion. The same conclusion would be reached from
our estimates, even if the stocking density was increased
0 10 ba™ ', which might be found under very intensive
farming or on small favoured grazing areas with much lower

overall stocking densitiss.

Eny major disturbance to both systems such as ploughing,
burning, road-making, fertilizing, tends to result in a chﬁnge
in loss of soil or nutrients in the -run-off water., This
change is particularly marked during site preparation and at
felling time in forests (pp. 24-28), an aspect which may
exaggerate the difference in nutrient loss/removal between

forests and grazed areas,

We oonoclude from the evidence essembled above that the
vegetation, and to scme extent the soil charscteristics
of an upland area, may be changed to meet the requirements
of a chosen land-use, but any change must be mede smoothly
and a continuous vegetation cover must be maintained as

‘far as possible to avoid soil and nutrient loss.
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Scme evidence suggests that natural inputs to the forest
are greater than those to the grazed systen (ﬁavies, 1969;
Minderman & Leeflang, 1968) but outputs, other than the
~ orop, ere similar for both land-uses (pp. 12 = 15 & 23 - 32,
Roberts & James, 1972) when the ccosystems are undisturbed,
This is reflected in the greater accurmlztion. of nutrients
-in the forest than in the grazed system (pp. 28 - 32),
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Appendix: The effects of land use and menagement on upland ecosystems,
with particular reference 10 soils in the Lake District.
Merlewood Research and Development Paper No. 68.

K. L. Bocoek and J. K. Adamson

sunmary and conclusions

These notes, based on a paper by Bocock and Ademson, summarize the
main effects of land-use and management on upland ecosystems in the
Laeke District, with particular reference to soils. Most of the
relevant data used were collected outside the Lake District. Unless
we have indicated reservetions about the applicability of date to

Lake District condiﬁigng, the reader may assume that we have considered

and accepted its applicability.

Particular emphasis is placed on the effects of hlll—farmlng, forestry
and recreation., Any or all of these may occur on a water catchment
and the latter use has few special features, so it will be covered

in discussion of the other uses.

The altitudinal zone, which is of particular interest here, lies
between the intensively managed coastal pleins and valley3ﬁéttoms
with deep, predominantly fertile =scils and the virtually soil-less
"and'unmanageable high mountain tops. Soils renge from well~dreined,

browvn earths carrying &groﬁtis-Festuca grassland, frequently invaded

'by_Pteridium, on the lower fells, to nutrient-poor, often peaty, but well-
'dra%ned soils with Cailﬁna and Vaceinium, or poorly aerated gleys with
Nardus grassland,on the higher gentle slopes.  Stagnant, or non-

stagnant bogs, dominated respectively by Eriophorum and Molinia, ccour

on level areas at most altitudes in the zone of interest,

The main effects of the grazing animal include treading of the soil
and vegetation, defoliation of the vegetatieﬁ, and removal of nutrients

from the ecological system in the animel crop.
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The effect’of treading varies with age, size, and breed of anime]
involved, mors specificall,y"with hoof aréa ; the pressure exerted

on each hoof, the number of times, and the way in which the hoof

is applied to the ground per unit area and per unit time, and the pattern

of movement of the animal within an area,

The few data available for hill breeds and conditicns and extram
polation from data for lowlands, indicate that cattle tread two-four
times more hervily than sheep, and their stride ard hoof contact

ayew are respectively three éﬁd four times greater. Sheep and cattle
travel about the same disténce per day, éround'z—ﬁ km,  Such data .
suggest that, with the levei of stocking commonly found in hill ateas,
G.2~1,0 sheep ha“1 or 0.2.cattla ha-1, mﬁoh of the pasture is trampled
several times per year, Because of vegetation variation, food
selection, and the cherascteristics of diurnzl and seasonal movemont

of animals, trampling is ooncentrated on areas of more patotable

vegutation, e.8. éﬂ;gstis-Fest 3, or on much-used paths.

Trampling czused soil oompacfion and disturbance and damage to the
vegetation but mey also be beneficial by creating new sites for
establishment of seedlings, by firming seeds in the soil and by

‘promoting tillering.

Soil ocompaction is concentrated in the top few cms., of soil and is
greatest on soils rich in clay, orgenic metter and moisture and least

on the well-drained sandy and stony scils. It lerds to changes in

8501l characteristics such as aeration, root penetrability, infiltretion
' rate, and thermal characteristics, all of which can affect soil

.- fertility and vegetation composition or performance.

Small agricultural vehicles exert similar pressures to those caloulated
for animals end their passage has similar effects to those of animal
trampling, but is concentrated moré on established tracks.
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Soil compaction does not appear to be a major problem in graged

hiil and upland areas because of low stocking rates, infrequent

use of agriculturzl vehicles, recovery of compgzcted soil under the
influence of the frequent winter frosts and, in the case of animals,
by the swamping of trampling effects by the beneficlal effécts of dung

and urine deposmtion.

Soil disturbance cceurs on much~used tracks, particularly on soils
rich in clay, organic metter and moisture, on steep slopes where
animels tend to slip and slide and for cattle rather than for the
lighterustepping sheep. " Ady disturbed s0il is susceptible %0 er031on
a5 can be seen on hill paths in wet weather, = Hollows orested on
hill-sides by sheep action are fooal points for sheet erosian. -
However, the extent to which thezvarying.fates'of'erosibﬁ in the

Lake Dlstrlct in the past and present can be attributed to the

effect "Of animols is uncléar,

Trampling and defolistion by grazing may result in damege to, and hence
in reduced production by, plants., As plants differ in their sensitlivity
+to damage and to chaﬁged soll conditions 'resulting from trempling,
grazing animals can endourage changes in the veéetation composition whieh
may leed ultimately to soil changes associated with changes in the type

and smount of plant remeins reaching the scil surface,

On hill-lend uhgrazed by domesticated animals, plant material eventually
dies and forms part of the surface mat of plant remains. The type of
decomposition which this mat undergoes under the influence of the high
rainfz11l and low temperatures of upland areas, encourages high acidity
snd low nutrient availability in the upper soil. Grazing channels

an increased proportion of the herbage through the animal and so reduces
the supply to the'met. The effects of & reduced mat and of deposited
dung and urine change the chemical charscteristics of the upper soil,
increasing nutrient avallablllty and turnover. This, together with
selective feeding hy anlmals;partlcularly by shéep, encourages changes

in the vegetation,




Assessment of the. importance of the various practices. and faétoré
agsociated with grozing and which influence vegetation and ultimately
the so0il has not been carried out in the Lake Diostrict, but evidence
from other upland areas suggests that intensity, timing, and locstion

of grazing and use of fertilizers and herbicides are. of prime'importance.

A complete assessment of the importance of removal of nutrients in the
animal orop cannot be made for the Lake District because of.lack_of data

on inputs of nitrogen from various typéé of fixation,inputs of all
nutrients in aerosols and from rock weathering, and cutputs of all nutrients
in run~off, - However, available data, coupled with data from other

areas, suggests that removal in animals is likely to he veny small

in relation to the totdl nutrient reserve in the 3011 and to input

in precipitation, Fhosgphorus input in proeipitation and output in

animals are approximately equal, so, for this element, remcwal in

animals mey lead to an overall loss from the system when all inputs

and outputs are accounted for.

Trampling of soil and vegetation is the main effect on soil assoclated
with recrestion. Detailed changes are likely to be similar to those
caused by animal trempling, although few data have been collected in
the Lake District, and data are not available generally which allow
detailed comparisons of the effects of trampling by Man end by animals,
. Trampling damage is not considcred to be & major problem except on
well~used footpaths, particulariy on steep slopés, on wet ?eaty

areas, =nd on the higher altitude ridges. Use of vehicles on
unsurfaced tracks and paths has similar effects to those produced

by Man's trampling and, currently, rerely produces significant damage
in the laks Distriet. . ‘

The main effects of trees and forestry on the soil include those
associated with tree roots, plant remains, soil disturbance during
forestry operations, influences on run-off water quality and, roemoval

of nutrients from the system in timber,
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The s0il wstabilizing effect of tree roots is of particular impoftanoe
‘on steep slopes, The zone of soil around tree roots is a site of
active mineral weathering. The importance of the latter effect for
forest in the Lake District is unclear. The presence of root channels
in soil renders the labter more permesblée to water, whereas root

“decompesition adds humus and nutriernts slowly throughout the soil profile.

Plant remains on the soil surface buffer the soil against the effects

of climate, particularly direct insolation and extremss of air temperature
and reinfall, The rate and type of decomposition of plant remains
influences the chemical and physical properties of the underlying soil.
Conifer litter, like 92;;325 and Erica on moorland, has thé reputation

of causing physical, chemical and biological deterioration of soil.

Whilst these effects remain somewhat conbroversial, and incompletely
anderstocd it is clear thab they vary with soil type, sité characteristics
and tree speéies. Relevent loesl data are few and indicate tendencies
towards acidity, low nutrient availability and podzolization in many
upland soils but no clearly developed podzol profiles, Evidence from

elsewhere indicates that trees, e¢ven conifers, will grow well on

- similar soils to those found in the Lake District without causing

sericus soil degradation, although they maey cause the tendencies

indigated zbove.

© The meximun direct effect of foresbry cperations on the soil occurs
during site preparation and harvesting, both of which involve use of
heavy machinery which compacts and disturbs soil, partly because of

its owm weight, and partly because of its use in ploughing, dreining

or logging. Bxcert for light crogs-country vshicles and heavy trucks,
such ag timber lorries which can exert pressures on the soil of up to
~about 8 kg'cmﬁ2, vehicle pressures fall in the'rangé'0.244.6 kg cme,
about the seme as the static pressures exerted by animsls, One
application of about 0.2 kg cm 2 can reduce soil pore space by 8%

and 10-20% of an area can bs affected by vehicles during tractor logging.
Dats from obher arcas suggests that soil compaction by forestry is not

a major problem, but that marked vegetstion changes bccur after ploughing,
draining and rocdmaking, These changes will ultimately reflect back

on the soil.




Forests have anlappreciéble influence on the hydrology of a site,
including soil moisture status and run-off. Transpirstion rates in
forest and grassland are of approximately the same order but fofests
interdept up to half, but more commonly around 20-40/ of precipitation,
often seversl times the interception for grassland., Intercepted water
is evaporated so the soil tends to be drier and less leached under

forest than under dense grassland,

Site preparation leads to'é loas of particulate matter and nutrients in
run~off, which may GOntihuslfor several years after planting of the
forest., Roadmaking also incroeses soil end nutrient loss from the site

temporarily.

Felling, espocially cléaerelling, leads to increases in soil leaching,
-in'runébff;'ana in the amounts of particulate-meterial and nutrients in
ran~-off.  8oil and nutrient loss is only slight if logging is

carried out carefully, and if rapid regrowth of herbaceous vegetation
"occurs;':'Feliing leads to ingreasss of several °C in mean soil and
stream temperatyre“énd in the diurnal temperature renge.  Temperature
changeé'will.hdﬁg éﬁ apbreciable effect on the numbers ahd activities

of fauna, flora and microfiora of these habitats,

Fertilizers and herbicides used in forestry, affect the quality of the
run-of f water only slightly and temporarily, if they are applied
carefully, However, they will have some effect on the soil by
altering biological activity or the type and amount of plant remains
reaching the soil surfoce. '

Forest systems, in contrast with non~-forest systems, accumulate a large
nutrient capital in the trees themselves and in the plant remains on,

and in, the soil. Factors whioh.favour:this build up include evergreen
condition of many forest tfees,_resistapce to-decomposition of litter,
exploitetion of a greater soil volﬁme by tree roots than by foots of
grassland and moorland plants, éxcept perhaps Pteridium, greater trapping
of aerosols and possibly greater minersl weathering under forest than

unéder non=forest.
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Only a few percent of the nutrient uptake of trees, often less than 10%,
is retained in the trunk, and this is epproximately the same as nutrient
amounts in preocipitation. Brush timber contains nutrients eguivelent
to 4L0~90% of those in trunks of the main trees. Timber extraction
therefore removes only & smsll fraction of the annuwal nutrient income
to a site, but, nevertheless, removes much more - for some nutrient:

more than ten times more - than that removed in the animal erop.

To summarize the above, the characteristics of soils under differant
land uses and managements often differ merkedly as a result of the use
or panagement, When use and management are altered, soil changes occur
as natural adjustments of the ecosystem %o the factors applied. These
changes rarely lead to severe deterioration in soil quality, or to soll
erosion, unless changes have been made suddenly and without careful
planning.




*gade FOBIUCH *G

*oanssead Jooy uwew DUS BoIw }0RIUOD JOOY WOLF pejewrasy ¥

.A.gaoo *p10d

‘sumnmmy ¥ yoToM) 9T3ILQ TITY I0F 3 004G-00¢ JOo efuex JudTem 9ATT @ pUR BaX® JOOY WOLF DORUTISN  °C

*POSIQ SUO UBY3F OI0W JO

desys eutuusd J0J (6961) UOToM ¥ semey Lq pajonb 9 o%~/2 Jo squftom oATT PUR ©ad® JOOU WOJJ DSRIULISH  *Z
*SupyTes Fulmp s30T Omg Ueem3eq DIINQTIIETD ST 3UdTom oATT ey} Iey} ETSLq S0 U0 POJuTNOTED SomTeh TTY  °L

E‘mvw Zurppedy
(1.61) Sutppedg
(1961) 3sI0UIOYSg P PUTY

(7961) 1saoulousg ¥ puty
(6661) TINT
MK? surBI g
9G6 1) saeeg

(€L61) umoag % edusameq

(6961) DreTI®
(LG61) o=y a0TLry

(6% 1) 1T

MR?W aurelq

9661 ) sameg

?Nm_‘w Furppadg

(1.61) Sutppedg

(€L61) woag p eousams]
(LG61) adag xo1deg

Toy3ny

26°2=9G*2
0z*c-98°e
0*¢

0*%
FA4d
0z =084z
glLec
mmw.m..m L*2
190G
mmm.#.\.m.m

0oz L
moo.m..:..o
QO
68° L-19*1
Qe =L
Nmo. =10
Nmo. =1l *0

PILISXS
aangsaxd
aeey

§°29
8°L8
4

&l

6
06-G9

a*79

69

d_

§

e
IOt
6°C4
6°61
br¢e
64
61

(,mo)
Joo¥ suo
Jo uwaay

oT33e0 pue

wammn..omn.%m.ﬂqﬂﬁwo
(51 096=004 ‘ucaaq yjnmog) eT33uo

. (sm00 fTBUs IO
Sunof ‘usTseTXd ‘SpueTrayls’y) eT2%w)
(8% 009 ‘usrseTAy ‘spPUBTIGYIEy) OTIIED
(8% €19 ‘ven) oT32w)
. (PuBTi00n) 2T143%)
AJMM L1g)suoo Losaep ‘pusToey may) oT3dw)
(peTIToedsum) 8T3%%)
(4% 267 aeoln ‘BOTIY *g) eT33®)
(eT=may JMPe) oT39%D

(3% 6*%g J%M dasuyg
mﬁoﬁwﬁomaacs desyg

(3% z*)z ‘pueTwey uey) deouy

(31 G*lg~¢*0L ‘TTTH Lxasy) deerg
(31 G*¢L~0°6G “TrTH L1aey) dooum
(PatTiTosdsum} dasyg

(eTwuisy 3rnpe) deeugy

"JETeN BATT pue X6S ‘Doaxq TeuTUR
‘fpnis Jo L13uUn0d U0 STTBISD OTQE[TEAY

deays o7 aumssazd pus woxe JOOY | STQE



(sgoTasug) (L°2-g*0) 6°1

(sfoumy) (8*|~*0) 2°1 s e3oopped vy Trze-gt/
(0961) TTemssaad

(e30Taslp) (9°2-L°L) 2°¢ |

(sfeowmoyg) ({*z-G*4) 6*1_; saoopped ey Neg-ho

SeTEmTo)) W*z-g%y
(6%61) mwmmmm h Amonﬁﬂmmadmu 9°Z-0°} 300 pped
P Trea 0 Nl AMP@._..:_”._.H.—O&E.WNV 6°2~g" | By Z PUE |

stoopped By W9

(L661) TTemssaxyy
N 3

ﬁ mmpo..gmguw Ao.msm.ow m;w

(sfoumoy) (1°1-1°0) O}
m.
8*Y J yoopped ey %77

(e301007D) M,J.Nuv. )

(sLoumoy) (1°2~L"}Y)

vy €9¢ — G&i
(L261) £x09 1*9 Woxy JO SaINsOToUL §
{ A
(161 me.pomﬁ 6*¢ _.
LT 83uex salg
| (=)
BIOYNF PeiTeAwI) S0UB}EL] EUOTRTPUCYH

PUeTRS] MON

pusTssead ySnox ‘deelg Teal QuO
. MOYENOIUS Semno
purTeey MoN 10TARY) DPUw

fpueissead 1BTL gLeumoy eangey

some sTEMTOY)

pueTeey 40} pue ‘azrysdirey
fpueTsssa? Jeld ‘3oTTTNOqUTY
TIETes7 MON
fpurTsanid
yenoa Aasa ‘deejQ
PUBTERSY MON SI0TAOY) DU

‘puzTsseid 4ulg shoumoy eumien
88X
‘gedors deojs 04 swaaw
TOAST UC PUT[BSBIT
Lqgnaos ‘yPnox Lispy  sems JOTITNOqUEY

seme ssUAIaE]
Soms 3ATITNOqURH

yeqn ‘epusTsswid

some BTMTOD
ULBUNOW POPOOK W

JEIHS

uwoTIRIedep Tentuy

(*umoo *sxed “suTmy ¥ YoTem £9 oTqe] JO UCTSISA POPULIXS DUB POTITPOW) 21338° pue deays Jo juswmesow ATTegy Z STUBL



(6961) pIeTITH

(lz61) £10p

n.saao .mnmmu
suTmmmy ¥ YoTay

(6%61) 29qTag,

(1664)
PTey ¥ saysnyg

(f561) @ﬁ_ﬁmni

—

eI0YNY

2°€

£*g
G100 ¢

z h

A

(3t0us) 9*z
(usnt) )
(3x0ys) 6°¢
(usntr) 8°1
(3r0Y8) G*¢
(4snT) 12
(gaoys) G*¢
(wsnT) 2*2
(1)

POTTeARIY Q0UB)ET(]

exoopped vy /

B £9¢-4S1
WOLF FAINSOTOUS (

efuna sexg

sxoopped vy 0

g30utTad BY 0°1-2°0

syoopped vy g0

SUOTITPUOD

PIeAUITY TewASUBL],

sexe],

gedoTs desls 03
8190d8 TOAST WO
purTseserd Loqnios
‘ydnox Lxep

PUSTIOOg
‘goangsed umos
Jusdelpe puw
gJ00m ISYIEBY

PUBTI00g
‘pueTesead uaog

pusTdug
‘pueTsssld umog

goTey ‘spuwTssosd
jIoyus Alea pue ysny

aoTYuleFop

2I081949

CHOD PI0JOIOY

HIRIYO

game ©o%J
—jovlq YsT3100g
£30TASYD

18I0 T

M) PUBR §$0X0
WO PLOFXQ

gemna 89BJ
-¥oBTq YST3300¢

gous JTOJJng
fame UNTD

fous ysTuwadg

TewTay

(PenuTquop) z OTqBE




(0L6él) masug h
L

{0L61) w
Kaaxey » uamd —f

ey ¥ seydny

sx0y Y

£'2

(=)

POTTIoABIS SOUBLET]

eduea ool

2Y/ATTUR 7°0 YILa
BY/uTUR 270 YA
sxoopped vy 07

gxoopped By 0° |-2*0

SUOFITPUOD

uodoxp
‘eduea pLIB-TECSE
2RI G-YSNIqss2q

OPBIOTON
‘pueTssesd otITBAJ

pueTug
‘pueTesea?d umog

woTIR}eTep

H

Sxsasgs
Surrarak
Ppaxgqesoxn

8199138

FuTrarod PIOJIOIOH

g.10058
SurTaser

SY20TINg
PXOJoaal

TeuwTuwy

(penutguon) g oTqel




Table 3, Part of the nutrient budget for tlie 83 ha Rough Sike

catchment at Moor House, modified after Crisp (1966).

(ke 100Re”" yv::e::.x'“1 ).

Na K Ca P
Precipitation 2551, 307 896 57
Soil reserve ¥ 51000 375360 379210 81600
Strean water 152, 896 537 40
Peat erosion 28 206 483 NG
Stream fauna Outy Oul,7 0.09 0453
Sheep (0.22 ha 1) 0,19 0.53 1.90 1.18
Total output 4552 1103 5860 87

* Estimated froam Crisp's peat nutrient content data and an average

peat depth of 1,5 m (Rawes & Welch, 1969),

820
2660160

290

1463
5.68
5.30

1768



Table 4  Input of nutrients in precipitation and output of
nutrients in sheep and wool in the Lake Pistrict and
on the whole Moor House N.N.R, (kg 100 ha_1yr_1)

Lake Digtrict

Precipitation 190-54,0 €50~1 200 23-100 577-1500
Sheep? 13,8 27.8 8uiy 57.9

Moor House

Precipitat ion® 307 896 57 820

Sheep™ 1141 23,8 702 1§90

1+ Range of available data, after Allen et al (1968), Sutcliffe &
Carrick (1973), Wnite (1969), Vhite et al (1971).

2, After Rawes (1966). Stooking density 2.5 ha .

3, 4Pter Crisp {(1966).

Ls  After Rawes & Welch (1969). Stocking density 2.2 ha“1.




Table 5 Part of the nutrisnt budget for a plantation of S5-year
01d Soots pine at Thetford (ke 100 el yr Y.

Nz K Ca P N
Precipitation’ 19705100  190~5,0 650=1200 23=100 577=1500
Uptake by trees2 2,0 351 4130 751 8758
Litter fall’ 78 2556 2552 511, 6362

Loss in stems

{(thinnings up

to 55 years) g 178 382 25 292
Loss in stems

(thinnings up

t0 55 years and

clear felled stems

at 55 years) 18 262 60y, 38 453

1. Renge of available data for the Leke District, after Allen et al
(1968), Suteliffe & Carvick (1973), Wnité (1969) and White et al
(1971).

2, APtarOvington (1959a, 1959b).
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