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1.0 Introduction

Surface wWwater acidificatioen is recognised as one of the most important
enviranmental problems in Europe and HNorth Anerica, yet despite the
pianeering work of OBGorham on precipitation chemistry in Cumbria {Gorham
1958) the extent of acidification in the UK is still not known. In earlier
papers (Flower and Battarbes 19B3, Battarbee et al. 1985, Jones, Stevencson
and Battarbee 1986, Flower et al. {987) we established that lakes on
granitic rocks in Galloway, South West GScotland, were strongly acidified,
and that the asost likely cause of the acidification was acid deposition.
We have now extended our enquiry to acid lakes in Wales and other parts of
Scotland to test the generzl hypothesis that clearwater lakes with pH values
less than 4.3, occurring within areas of high acid deppsition, are acidified
due -to an intrease in acid deposition over recent decades.

Liyn Dulyn, a small corrie lake located on the Rhinneg plateau, Bwynedd, was
the third site (Fig. i} to be  chosen in Wales. HWhile no site
details of acid deposition are available, records from nearby recording
stations {Barrett gt al. 1983} show that the Aber ystwyth region has a
mean pH of precipitation of ca. 4.3 and an anpual wet sulphate lpading of
1.2 - 1.6 g w72 yr-' (Fige. 2 & 3). The catchament is largely
undisturbed, tomprising upland moorland and rough gracing for sheep.
Sediment cores were obtained in August 198%5.

Qur approach involves the use of diatom analysis to reconstruct past pH
valuesy *'°Py  analysis tp establish EY lake sediment chronologys
geochemical, magnetic and ‘“soot" gnalysis to trace the history of
atmospheric contaminationy and pollen analysis and land-use history studies

to evaluate the influence of catchment changes on the past ecology of the
lake.
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Fig. 1. Llyn Dulyn location map.
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2.0 Gite details

2.1 Lake

Llyn Dulyn is a small upland corrie lake lying at an altitude of over 520 m
in an area which receives a rainfall in encess of 2000 mm yr-t, The lake
occupies some 19,782 p® &and has a volume of 37,787 a®. The detailed
bathymetry (Fig. 4} reveals that the lake 1is an irregularly chaped
asymmetrical bhasin with =& &.8 m deep hollow located in the northwest
corner. The hellow is surrounded by extensive macrophyte dominated shallowuws.
The lake is fed by two small inflows and by ground and surface water, and is

drained to the west by a small stream leading to the reservoir of Llyn
Bodlyn.

Table | Lake Characteristics

firea 19782 a®
Yolume 3787 a®
Hanimum depth 5.8 m
Hean depth 1.9 =

2.1.1 Lake chemistry

Laeke water chemistry is characteristic of many of the acid water lazkes
evamined in this precent study ({(Fritz et al., [9B&, Kreiser et al. 1984,
Stevenson et al, 19B7). ¥Hater chemistry results obtained by the WWA reveal
& mean pH ot 4.6 with corresponding low alkalinities of approvimately 1,78
mg 1-% Call. (Table 2.

2.1.2 Lake vegetation

Fringing and littoral vegetatipn of Llyn Dulyn were mapped ¢rom the
shoreline on the 30th May 1985. Sublittoral sampies were obtained by Ekman
grab on 2¥nd August of the same year {Fig. 5).

Rushee, Juncus spp., surround the lake (Table 3). Viewed through the
exceptionally clear water (secchi disk depth > 3.0 am), aguatic vegetation
apparently covers gmost of the lake floor. Inshore, Lobelia dorimanna is
abundant, but Juncus bulbosus Var. fluitans and Equisetum
fluviatile are co-dominant in some embayments (Fig. 5}. Filamentous algae
and leafy liverworts are also locally abundant. isoptes larustris
dominates deeper parts exrtending to 4.7 » depth in places (Table 41,
Sphagrum zuriculatum is locally abundant at 2-3 n depth approximately 50
m frum the northern esbayment. Similar sublittoral growth of this moss has
been reported from several Galloway lakes (Raven 1984].

#Momenclature ¢followe Tutin et al. 1964-1980,



fabie 72 Cheaistry data dor Llvn Bulvn (suppiied hy BHAY

Date

11706784
. D7/CH/B4
11710784
11/12/84
06/02/85
23/0418h
02712184

Date

§1706/84
07/08/84
11710/84
F1712784
(h702/85
= 23/04/86
02/12/86

Date

23704784
92112/84

pH

LN LN e LA e e b
LI - - .
T 25 B g 0D D L

Bissaived
Potassive

3 €D sum tem o e b
v e e .
PO R R R Y

47

.29

Conductivity
us ga-t

52,
37.0

>

T
iz
Hi
]

Hissaly
Calciu

.41
.21
0.94
0.98

otal Total
idised flkalinity
trogen
It By 177
.09 .0
G.02 i.0
0.05 £.0
0.26 f.0
4.10 i.9
0.42 1)
§.10 i.1
ed Disznlved
] Hagnesiue
1.02
.89
0, 64
0.73
f.00
0.402
Dissalved
Alueintum
ag |°*
0.130
¢.092

il

Chioride

ag 17}

13.9
7.0
7.0

B
~ > O~
=

L= == S > S ]

Disselved
Ting
mg i-t

0.02%
0.058
0.024
0.023
6.110
0.024
0.009

Diszolved
Siticate

ag 17!

0.492
0.585
1,198
1.497
0.100
0,580
0.500

Dissolved
Copper

0.003
8.020
0.005
8,003

0.605

Bissoived
Sulphate

By 1™}

L O BN &R
- -y -« =
LN < O D O

o

.92

Dissolved
Lead

0.0¢

Dissnlved
Sodiue

By 1

om e CLROF
P P -
e (A A e

J.82

Dissolved
Kanganase

0.07
.06
0.04
.03
0.06
¢.03

Dissnived
fron

6.02
.09
.03
0. 04

0.03
0.01



LLYN DULYN BATHYMETRY

30 Metren

Contours in melres

B CORE S/TC

Fig. 4. Bathymetry and coring location for Liyn Dulyn.



13

f /A ' Juncus bulbosus var. fluitans N

.*2+ | Lobeliadortmanna i A

Equisetum fluviatile

* Sphagnum

@ Ekman grab sample site

| . |
i

I
100m
Fig. 5. Macrophyte vegetation of Llyn Dulyn.




14

Table 3: Fringing and aguatic venetation of Llyn Delyn, August 1985
(A= abundant; if= locally frequent; r= rarel.

il Fringes
Juncrus acutifloris {143y J.articulatus {1f); J.effusus (4).

i1} Littoral zone
Filamentous algae including Mpugeotia spp. (1f; leafy liverworts
including Jungermennia spp., (1f#); Littorelia uniflora; Lohelia
dortmanna (A}; isgetes echinospora f{rd; Juntus bulhosus

var. fluitans (1f}; Egquisetum fluviatile ¢1f}; Glyceria
fluitans {r},

iii} Sublittoral zone
Ispetes lacustris (A); Juncus bulbosus var. fluitans {1+};
Sphagnum ayriculatum (1f}.

Table 4: Ekmen qrab sample data
tsite; depth; substrate; plants]

i 2.3m; mud; Isoetes (A}, 73 1.0m; mudy Isoetes (A},
Juncus fluitans (A}, Sphaonum {r} 8: Z.0m; mudy [soetes (A},

Z: 3.5m; amud;y Ispetes i{r}, §: 1.58m; mud; lsoetes (A},
Juncus fluitans (r}, Sphagnum {A} 10: 2.2m; nmud; Isoetes (A1,

3: 4.7m; mud; lspetes (A, i1: 2.5m; mud; lsgetes (A},
Sphagnum {r} 12: 2.0m; mud; Isoetes (A},

4: 3.0m; mud; lsoetes (A}, 13: &6.0my mudy  ---e-

S: 2.5m; mud; Isgetes (A}, {4: 4.0m; mud}  —==--
Juncus fluitans (A}, 15 1.2m; mudy Littorella (A},

& 1.5m; mud; Isoetes (Rl

2.1.3 Fishing history

Liyn Dulyn is 3 small, remote lake which is only irregularly visited by
anglers. Consequently little is known of its present fishery status.

Early in the 19th century Llvn Dulvn supported a char and trout population.
In 1809 Fenton reported that the proprieter of the Corsygedol Estate had
char potted and sent to London (Fisher 1917},

Cliffe (1860} described the trout in the lake as “very handsome and of good
size', being 'firm and of good quality’, However, the fishing was spoiled
for the angler by poachers using nets and ‘otter boards’.

Morris {1913} considered Llyn Dulyn t6 be the best lake for fishing in the
Ardudwy region, so far as pumbers were concerned. Ward (193]} reported the
iake to be full of fine trout averaging nearly 0.3 1bs.

Char wmay have disappeared from Liyn Dulyn as Condry (1970) determined that
the only char in Merioneth were found in the downstream lake - Liyn Bodlyn.



2.2 Catchment

The catchment occupies 33,6331 a®, and has a large catchment @ lake ratio
of 26.12.

Table § Catehment characteristice
Total catchment area 336531 m=
frea of land in catchment 316749 m=
Area of lake 19782 m~=
Catchment/lake ratic 265,12
Haximua relief BG m

2.2.1 Geglogy

The solid geology of the catchment is divided into two main sequences. The
predominant geology to the east and northeast including the corrie back-uwall
are Cambrian roarse grained to pebbly greywsckes of the Rhinog formation of
the Harlech grits group. To the west, southeast and northwest are Cambrian
siltstones and sandstones of the Hafotty formation of the Harlech grits
group. The drift deposits in the catchment are restricted toc the less
steeply shelving slopes mainly on the Hafotty siltstones and amudstones which
are covered by boulder clay and undifferentiated drift material ({Allen &
Jackson 1985},

2.2.2 Soils

Three oprincipal catchment soil types dominate the site {Rudeforth et
al. 1984}, The steeply slaping corrie back-walls are dominated by acid
humit rankers belonging to the Revidge soil formation (3ilal. These scils
are very thin and in many locations extensive areas of the underlying
Rhinog greywackes are exposed. In areas where the slope angles are less
acid stagnohumic gleys of the Hafren formation {654al have developed.
Amorphous blanket peats belonging to the Crowdy Il peat series {1013b} occur
in areac of drainage impedance,

2.2.3 Present VYegetation

The catchment vegetation is dominated by acid mooriand plants (Fig. &). On
the steeper corrie back-walls the vegetation is sparse and auch bare rock is

exposed. Vegetated areas here are dominated by Vaccinius / Festura /
Agrostis. The remainder of the catchment, in the drier areas, is
dominated by Vaccinium/Festuca communities, gspecially in the

northeast, and Nardus/Festuca communities, to the south of the ocutflow.
in small areas of drainage impedance there are blanket peats dominated by
Eriophorun vaginatum/Juncus SOUArFrDEUS and Sghaanum communities.
On a wvisit to the site in April 1986 the Hardus / Festuca grassland was
apparently ungrazed suggesting that very little graring now takes place
within the catchment.
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3.0 Hethods
$.1.1. Surveving

The lake was surveyed using the technigues described in Stevenson gt al.
1987. Bhore surveying stations were located at the inflows.

3.1.2, Lolliection of sediment c¢ores and routine labgratory
measurements of cediment characteristics

Two cores were taken using a modified Livingstone corer operated from a
mini-raft of two small inélatable boats strapped together., Sampling was
carried out during August 1985, Two cores were obtained, Dulyn ! was used
for dating and analysis (Fig. 41.

Core DUL 1 (130 cm) was extruded in the lazboratory and the top 20 cm of
the core sliced inte /2 cm portions, the remainder sliced into | ¢n
slices. The core was then sub-sampled for dry weight, loss on ignition (at
5%0eC}) and wet-density measurements.

Analyses for dating, wmagnetics, chemistry, soot, diatoms & pollen were
all conducted atcording to the standard nmethods &set out in Stevenson
et al., (19871,
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4,0 HResults

4.1 Lake history

4.1.1. Sediment Description

A very dark brown organic sediment (Ld™4) constitutes the wmajority of the
core {150 - 20 cmi. The wet density and dry weight do not vary much but the
loss on ignition begins to rise at 40 cm, increases more rapidly at 24 cm,
and then begins to drop at 13 c¢m. It increases again in the top 8 cm. As
the sediment accumulation rate is low {(Table 9) the erosiopn rate of eaterial
trom  the catchment amust also be low and so changes in the organic and
mineral components in the sediment may be due to changes in lake
productivity as well as erosion rates from the catchment. The section of the
core from 2 - 3 cm depth shows the presence of algal detritus (Ld*,
Dg3} and the top 2 cm of the core concsists of a green gelatinous alga.

4,1.2, ®:2Ph dating

Sediments from Llyn Dulyn (DUL 1} were apalysed for ='2?Ph, =%%Faz and
t37lg by gamma spectrometry {(fAppleby et al. 1986&). The *='%Pt s&nd
Z=eRa results are given in Table &, and shown graphically in Figs. B & 9.
The **7Cg results are given in Table 7 and Fig. 10. Table 8 gives values
of a range of other radioisptopes determined from the gamma spectra. The
=1%phy  inventory of the core is 4.41 pfi ce™®, and represents a mean
=toeph supply rate of .14 pCi cm™ = yr-t, This is comparable with the
value far the adjacent Llyn y Bi ({Fritz et al. 1987},

Fig. 1! shows the =3°Ph chronologies for core DUL |, given by the CRS and
CIC 2'°Ph dating models (Appleby and Oldfield 1978). Both models indicate
a recent acceleration in sedimentation rates. A consequence of this is that
in the older sediments the CIC dates are younger than the CRS model dates.
In view of the comparability of the 2!°Pb fluxes in Llyn Dulyn and Llyn y
Bi it would seem appropriate to use the CRS model dates, and these are given
in Table 9. This chronology indicates that up to ca. 1950 there was a
uniform sediment accumulation rate of 0.0053 ¢ ca~2 yr-t, Buring the
pericd 1950-1%960 the accumulation rate appears to have accelerated to Ca.
0.01C g ca~2 yr~t, A sipilar acceleration was observed in Llyn y Bi.

The *37Cs date (Fig., 10} in this core dopes not appear to have any
chronological wvalue, The *37Cg activity declinez mpnotonically from 2
marximum value at the surface, and there are significant concentrations down

to 15.75 cm, well below the ='%Ph pguilibrium depth. There was ngo
detectable *°'fAp in the core,

§.,1.3. Diatoms and pH reconstruction

Diatoms were analysed from the uppermost 77 c¢m of core DUL . The top {4 cm
includes the “!9Ph-dated partion of the rcore. Fig. 12 shows the relative
abundance of major tava and pH reconstruction of the Llyn Dulyn cuore,
fippendix A includes diagrams showing the stratigraphy nf all taxa.

The diatom flora below 1B cm in the Llyn Dulyn sediments is guite stable and
includes a diversity of benthic and epiphytic species (Fig, 12}, The
dominant tara are the circumpneutral fchnanthes minutissima,
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AROMGEONELS vitrea and Frapilaria virescens, as well as the
acidophilous Eunptia  veneris, Melpsire peralabra  var. tlorineae
and M. lirata var. lagustris. ther coamon tawa include Eunotia
pectinalis var. ginor, Fragilaria gpnstruens var. venter ,
Bomphonema gracile, Navicula seminulus, Melosirs distang and

Helpsira perglabra var. perglabra. The absence of euplanktonic taxa
suggests that the lake has been soderately acidic throughout the period
represented by these sediments, The diatom assemblage in these lower
sediments is similar to the early flora of Llyn y Bi (Fritz et al.

L1987} and Llyn Bynon {(Stevenson et al. 1987}, although Llyn DBulyn
has higher percentages of acidophilous Helgsira species.

Above 18 cm a2 number of acidophilous taxa increase in relative abundance,
with & concumitant decrease in several circusneutral species. Hetuween B
and 6 cm is an expansion onf fchnanthes marginulata, Anosoeoneis

SErians var. brachyeirsa and Navicula medipcris, followed by
Frustulia rhomboides, Navicula hassiaca, N, heimansii, Helosira
distans, H. distans Var. nivalis and ¥. perolabra var.
florineae, Gomphonena gracile and Achnanthes iingaris var.
pusiila are the first tava to decline in relative abundance, followed by
Anompegneis vitrea and Achnanthes minutissima. An increase in

Helpsira perglabra and Eunotia exigusa percentages and continued
expansion of other acidophilous taxa occur from & cm to the sediment
surface, with a concomitant decline in circumneutral tawa, including several
aforementioned taxa and Navicula seminulum.

The modern flora of Llyn Dulyn is somewhat unusual in compariscn with other
non-afforested MWelsh sites. The relatively high percentages of the
epiphytic Achnanthes margipulata are not seen elsewhere and may reflect in
part the extensive macrophyte beds in the southern end of the lake (see
section 2.1.2). O0f the British sites studied to date only Loch Dee and
Loch Grannoch have moderate percentages of Achnanthes marginulata (Flower et
al. $987;). The high proportions of Melosirg distans and its varieties in
surficial sediments of Llyn Dulyn are also somewhat unusual. Round Loch of
Glenhead, Galloway (Fipwer & Battarbee {983) contains these taxa in lower
percentages and Llyn Hir has sizable proportions of other acidic Helosira
species {Fritz et al. 1984). The low percentages of acidic Tabellaria
species {(Tabellaria guadriseptats % T, binalis) in the surface sediments of
Liyn Dulyn are unusual among lakes with similar pH, excepting the nearby
Liyn Eiddew Bach where these Tabellaria species are also absent (Patrich et
al 19871, :

pH reconstructions using index B-%candanavia, index E-Galloway and
multiple regression of preference groups (Flower 1988} all suggest a pH
between 5.8 and 6.2 from 14 com through the base of the analysed sediments
{Fig. 12). Above 4 cp {(mid-i9th century}, pH gradually declines to 3.1 -
5.2 at the core surface in the case of index-B and 4.7-4.9 in the case of
multiple regression of prefernce groups. pH reconstructions suggest that pH
decline was sharp from {4 - 3 ¢m (mid-19th century - ca. 1966} apd more
gradual after that. Measured lalkewater pH in {9B4 and 1985 ranged from 4.3

- 5.4 ( mean = 4.8}, The reconstructed pH at the sediment surface falls
within this range.

The initial decline in lakewater pH in Llyn Bulyn is nearly synchronous with
that at the nearby Llyn v Bi {Fritz pt al. 1987} and with that at Llyn
Hir in central Wales (Fritz gt al. 19B4). At other Welsh sites pH
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declines occur considerably later (mid-20th century), suggesting sources of
alkalinity in the lake catchments capable of neutralising acidic inputs.
Liyn Dulyn is the oanly one of the non-afforested Welsh lakes where the
post-1960 pH change is more gradual than earlier in the century.

4.1.4, Sediment chemistiry

The sediment in Llyn Bulyn is diéferent from the other Welsh cores examined
sg far (Fritz et al. 19846, Kreiser et al. 1984, Stevenson et al., 19871, It
has a low dry weight (average 7.9%), low density taverage 1.080 g co~S) and
fairly high organic content (average 33.6%} cver the whole length of the
tore (Fig. 7). However, the sediment is not peaty.

Major cations

The magnesium, sodium and potassium results indicate that there have been
changes in the composition of inorganic material eroded from the catchment
into the lake (Figs., 13 & 14). Potassium, sodium and magnesium behave
similarily and the concentrations increase at 40 cm, reach & peak &t 30 cnm
and then ¢all steadily towards the surface. There isc a hreak in this steady
decline of potassium and magnesium concentrations at {5 cm and there iz also
a8 break in the organic content profile at this depth. The organic content

and density also increace a little at the 40 cm level where the major cation
rancentrations increase.

A comparison of the major ion and organic profiles indicates that there may
have been changes in the erosion rate of material from the catchment
{Engstrom & Wright 1984, Hackereth 1966). Normally when the erosion rate of
material from the catchment increases the concentration of major cations in
the sediment increase (especially when the cencentrations are expressed per

gramme mineralsl while the Joss on ignition drops. This is pot so with Llyn
Dulyn.

There =are +two main inconsistencies. At 40 m both the major ion
concentrations and loss on ignition increase whereas the loss on ignition
should decrease 28 the major cations rise under the normal erosion-leaching
hypothesis. Secondly, while the cation concentrations drop steadily above
30 ¢m the loss on ignition increases and then decreases. A5 just explained
this is incongistent with the erosion-~leaching hypothesis.

This type of inconsistency was found in Loch Dee, Galloway, and it was
suggested that the timescale opf the changes was wmuch shorter than that
considered by the erosion-leaching hypothesis (unpublished results). The
low sediment accumulation rate din Llyn Dulyn means that this cannot be the
case here. It may be that the low influence of the catcheent means that the
normal erosion-leaching behaviour is not followed and that changes in the

organic content are determined more by factors within the lake (see section
4. 1.11.

The caicium-depth oprofile is similar to that of the loss on ignition
{Figs. 13 & 14}. This has been found in other Welsh lakes {Fritz el al.
1984, Kreiser et al 1984) and it may be that in these sediments with
very low calcium concentrations calciums is not part of the mineral component
but is complexed by the natural organic material. This is expected on
theoretical grounds {(Stumm & Morgan 1981, Sayies & Mangelsdorf 1977).
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Trace Hetals

Although the wmajor cation concentrations drop from 30 om to the sediment
surfate, zinc, lead, nickel and to & lesser extent copper, increase above Il
com depth (Figs. 15-18}, Bevrause of changes in major icn concentrations
above 40 cm the departure of the zinc/potassium and lIead/potassiunm
relationships have been used to choose the depth for the beginning of
contamination (Figs. 19 & 201}, This depth (i1.5 cm} when trace metal

contaminatian of the Llyn Dulyn sediment began corresponds to 1884 (Table
9.

The zinc and lead contamination rises to a mayximum at 7.75 cm to B.0 com,
fall to a trough at 3.75% t0 4.0 cm and finally rises towards the surface
{this rise is 1less clear with lead!., The sediment accumulation rate also
varies over this depth interval. It increases at 8 cm followed by a small
drop at 4 cm (Table 93. These depths coincide with those where zinc and
iead changes occur and suggest some link.

The intrease in accumulation rate causes the two trace metal concentrations
to drop while the drop allows them tito recover. There appears to be a
dilution effect by material erpded from the catchagnt, This is supported by
the flux-depth ©behaviour where the accumulation rate and concentration

changes conmbine fo give a smonth flux-depth profile with little drop in flux
when concentrations drog (Fig. 211,

In the other Welsh and Gallopway cores the nickel and copper contamination
was either small, zero or was sc small that it was not detectable against
the normal environmental variation of concentration. The low sediment
accumulation rate in Llyn Bulyn aeans that canditions are suitable to
detect low levels of tontamination.,

The background trace metal concentrations below 2 cm before contamination
show that there 15 no mineralization in the Llyn Dulyn catchment. They are
9% ug In g~t, 2B ug Pb g=*, 21 ug Cu g~ and 16 ug Ni g~*.

The most likely source of trace metal contamination in Llyn Dulyn as in the
pther upland lakes in Wales and Galloway is deposition from the atmosphere.
There is no mineralization in the catchment and trace nmetal containing
eéfluents in this upland catcheent are unlikely.

The mean fluxes in the © to B cm interval when there is contamination are
tower than the other Welsh lakes examined so far 119.7 mg In @~2 yr-t, 12.8

P

mg Pb a"® yr~t, B.3 msg Cu ®m"= yr-* and 2.4 mg Ni @™ = yr-'}. The
other lakes are in central Wales while Dulyn is in the north-west., Either
there is less deposition of trace metals from the atmosphere in north-west
Wales or more likely the sedimentation efficiency of these metals is low in
Liyn Dulyn.

Table 10 presents the results a comparison of lead and zinc sedimentary
flures compared to the dry mass accumulation rate for three other lakes in

the same area of north-west Wales (Fritz et al 1987, Patrick et al.
§i987a, Patrick et al. 1987h}.
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Yable 10: Llead & zinc sedimentary fluxes & dry mass accumuliation rates
for Llyn Dulyn, Llyn y Bi, Eiddew Bach & Llyn Llagi.

Lake Lead flux Zinc fluyw Bry mass accumulation
8g Fb m™% ypr-t mg In @”% yrot mg CmTE oyrot

Duiyn 1.3 - 20 4 - 30 4 - 11

Liyn y Hi 2.9 - 8 1.5 - 1B 4

Eiddew Bach 2.6 - 14 13 - 24 &

Llagi 43 36 13

4s the sedimentary fluves o©of lead and zinc in Llyn Llagi are similar to
those in the lakes in central HMWales and Galloway {(up to over a hundred mg
“® yr=t}, It is probable that the lower values in Llysn Dulyn, Llyn y Bi
% Eiddew Bach are berause of reduced sedimentation efficiencies due to lower
dgry mass accumulation rates. The contamination flux of trace metals from
the atmosphere in north-west Wales then may be similar to that in central
Walezs and Gallpway.

Sulphur

Since oniy a small aeount of sediment was available in the top 10 ¢m of the
core there are only & few data points in this important interval (Fig 2ial.
Although there is & suggestion that the sulphur concentration increases
above B ¢m the evidence for this is neot reliable.

4.1.5. Carbonacepus cenpspheres "Sppt”

The carbonaceous particle pattern for Liyn Dulyn, iilustrating the number of
particles per gram dry sediment is given in Fig. 22 & Table 1i. 1t shous
the presence of soot in small numbere at a depth of 13 ¢m {ca., 1860 A.D.!
and a possible contamination pesk at 21 cm (Table {1}, Concentrations rise
siowly to 10 cm (1903 A.D.) after which carbonaceous particle concentrations

rise steeply toward the surface with a classic pust 1940's steep rise at 7
M.

The pattern for the soot count in terms of the organic content of dry
sediment is given in Fig. 23, Soot patterns in terms of the organic
traction of sediment (using LOI) mav be considered to be more precise as the
supply of organic material to the sediment tends {p be more uniform over
time than the input of mineral matter which can vary widely. Using LOI as a
base has the etfect of ‘smoothing’ the socot pattern, and this can be
observed for Llyn Dulyn. Values for the top 2 cm of the core cannot be
calculated because of +the presence of an highly organic algal mat (see
sertion 4.1.1). ODtherwise, the pattern is very similar to that in Fig. 22.

4.,1.6. Magnetic HMeasurenents

Sediments from Llyn DPulyn Eore § were packed into previously screened
styrene pots and subjected to the following sequence of magnetic
measuregnentss -

i Anhysteritic Remanent Magnetization {ARM} using a Molspin AF
Bemagnetizer set with a peak AF field of (00aT and a DC bias of 0.04m7.
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2. ‘Saturation’ Isothermal Remanent Magnetization (SIRM} wusing a Molspin
Pulse Magnetizer with & maximum DL field of B890amT,

3. Isathermal Remanence (IRM) measured at each step in a sequence of
reverse field ©OC demagnetization at -20m7, -40mT, (00mT and ~300mT for
samples from ¢ - 30 ca.

All remanences were measured on a Minispin GSlow-speed spinner Fluxgate
Magnetometer. Susceptibiiities were not measured as the combination of

small sample size and relatively weak magnetization nmade the samples
unsuitakle.

Fig. 24 plots the magnetic measurements for this core. The right hand graph
shows reverse field ratios {IRM../SIRM) plotted against a horizontal scale
of percentage reverse-saturation. Thus 50 represents the point during DC
demagnetization at which IRM is zero and 100 represents the point at which
IRM/SIRM is -1. Fig. 25 plots SIRM-IRM_ ...+ as a mass specifit remanence
versus depth. This is the best available {albeit imperfect) estimate of the
changing concentration of multidomain ‘magnetite’ in the core. Dur
unpublished evidence indicates that this is often the best single ‘magnetic’
indicator of recent anthropogenically derived atmospheric deposition. Fig.
26 plots SIRM + IRM.300my &lso as & mass specific remanence versus depth.

This is the best available estimate of the changing concentration of
“haematite' in the core.

SIRM values remain low and constant below 10 com. At this depth they are
only some 2 to 5 times those found in pre-industrial ombrotrophic peats.
The steep increase above 9.5 cp continues to within 0.5 cam of the sedinment
surface despite possible ditution by unmineralized algal material in the top
2 cm. ARM values show a parallel though much less regular increase, and in
several cases the readings on samples of low mass are close to instrumental
noise levels. This contributes to the between sample variations in ARM, but
more significantly it is almest entirely responsible for the extreme
variations in SIRM/ARY between 7.3 ca and 10 cnm. For this reason, SIRM/ARH
variations have not been used for sample characterization at this site.

The increase in SIRN above 9.3 cm is reflected in both the magnetirally soft

{‘magnetite’) and bard {('haemztite’! compoments (Figs, 25 - 2&}. The final

steep increase to peak values n the top 2 cm is reflected in the soft IRM

gnly (Fig. Z4} whereas the hard component actuaily declines, In Figs. 27 -
29 sepsrate symbols are used for samples 0 - 2 cowy, 2 - 9.5 ¢co & 9.5 ca - 20

ca. On the non-normalized plots (Figs. 26 & 27} the three groups tend to

occupy discrete envelopes of values. In Fig., 29, which cross-plots ‘seft’
and 'hard’ reverse field components normalized by 8IRM, the envelopes are

rather diffuse and overlapping suggesting that magnetic measurements alone

cannot clearly distinguish different sample zets in the deposition sequence

on a purely qualitative basgis.

Fig. 30 shows the calculated SIRM and spft IRM  (SIRH - IRM_some!
accumulation rates using the **°Pb chronology. The first increases just
predate the turn of the century. Rates increase more steeply after ca. {910
f.D., and again after ca. 1940 A.D. Peak values in the $1980°'s are up to 20
timee higher than those in the 19th century. The caltulated accumulation
rates parallel and are comparable in guantitative terms to those calculated
for nearby Llyn-y-Bi ({Fritz et al. (987}, #Ateospheric deposition of
magnetic particulates recsulting from solid fuel combustion, power generation
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and other industrial processes is the wmost likely exslanation, pending
turther studies.

4.1.7. Pglien

Figs. 31 & 32 present summary pollen diagrams of the Liyn Dulyn core
and Fig. 33 presents a polien concentration diagram. Appendix B contains the
full pollen diagrems. Three zones were defined using a departmental zonation

package {IONATION) (Birks % Beordon (9831,

pUt-1 fBuercus / Ulmus / Pinus PAZ (150 cm - 93 ca)

The high wvalues of Quercus, Ulmus & Alpus recorded throughout the zone
indicate the presence of an early postglacial forest dating to around 7000
B.P. at the base. The indications are that thig forest may have been local
to the catchment, as in Eiddew Bach which is at a similar altitude (Patrick
et al. 19871, since values of the major peatland indicators Calluna
and Gramingae are very low until the end of the :zone. The end of the zaone
is marked by a distinct elm decline, dating to around 5000 B.P., and 1is
associated not only with anthropogenic forest disturbance as signified by
peaks in the «classic disturbance indicators Fraxisus, Liguliflorae &
Plantago lancepiata but also with the +first signs of peat initiation
and spread within the catchaent as tree pollen values fall and Calluna and
Gramineae pollen values rise. Yalues 0of the aguatic macrophyte Isocetes
are high throughout and are indicative of {ittle or no catchment erosion.

The current ratec of sedimentation are low (Table 9} and 19th century
sedimentation rates are even lower {approw 0.05 cm yr-*). Even if these
higtorical sedimentation rates were extrapolated back to the base of the
core this would still only give an age of some 3000 years at 1350 ca. It is
ertremely likely, therefore, that a hiatus occurs in the core, probably
directly after the elm decline {5000 B.P ca. 100 cm} and the beginnings of
peat intiation, Such hiatuses appear to be frequent in these high
gltitude moorland lakes {Anderson et al. 1984, GBtevenson et al.
19871 . However, this hiatus appears not to be recorded in  either

the lithostratigraphy (Fig. 7}, pollen concesntration (Fig. 33) or the
chemical and magnetic data.

pUL-2 £Lalluna / braminese PRI {95 tm - 43 ca)

The transition to this zone is smooth despite the inferred presence of a
hiatus and reflects the continuing expansion of peatland within the
ratchment as values of Calluna and Gramineae rise steadily and tree pollen
values fall. BSmall remnants of these once widely spread cak and alder
forests now occur in the lower reaches of the stream catchment,
Anthropogenic disturbances of the extra-catchment forests are recorded by
prominent peaks in the major disturbance indicators Plantago lanceolata
and Rusex crispus type and increases in Betula and Fraxinus
representation, Towards the end of the zone values of Jspetes fall
probably as a vresult of a period of peat erosion as identified by an
increase in the loss on ignitioe profile at this time {(Fig. 7I.

DUL-3 Gramineae / Calluna PAI (43 tn - ¢ cm}

This zone sees the final increase in peatland expansion. The most
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noticeable feature of the zone is & change from Calluna dominatian by
members of the Gramineae, presumably Holinia and Narduys and Festuca as a
result of increased gracing and burning., This change is the reverse of what
might be expected i+ the land-use change hypothesie as postulated by
Rosengvist et al. (19B0} and Krug & Frink (1983) were in operation. The
1940 afforestation of the wuplands of Wales is refiected in the pollen
profile as seen by the increase in Pinus values fron 8 cm (1932 A.D.) and
the presence in the topmest zasmple of Picea pollen, Most of this tree
pollen is  probably derived from the Cuwm HMynach catchment which lies some 2
im to the south {Kreiser et al. 1987)}. Fagus reprecentation also increases
presumably as a result of the planting of extensive beech hedges in the
lowland valleys. The period of catchment erosion ends as values of [soetes
climb back to their previous high values from 40 cm.

4.2 Lang use and Hanagement (13

4,2.% Land use

At over 400 m or acidic soils the Llyn Dulyrn catchesent consists of
unimproved moorland utilised for rough grazing. In terms of its vegetational
composition (see Bection 2,2.3) it contains species representative of both
‘grassy’ and ‘shrubby heath® f{eg. King 1977, Ball et al. 1982},

In terms of the ABAS (2} land capability classification the catchment
comprises land of categories W3 - ‘improvements generally severely limited
but of moderate or high grazing value' and H4 - ‘generally not improvable
and of low grazing value  (MAFF 1980;}.

The Llyn Dulyn catchment lies within an extensive block of nmooriand in
grcess of 700 ha, that is ‘enclosed’ by dry stone walls. Various estate
papers at UCNW (33 and Dolgellau Record Office {4} indicate that this land
was Crown Waste alloted to and enclosed by the Cersygedol Estate. The exact
date of this 'enclosure’ is upknown, Land in Llandduywe {the catchment lies
in Llanddwywe-is~y-Graig! was enclosed in 1810 (3} but precicse details of
the areai{s) involved are not available ({63. £ map of 1806 {7} shows no
indication of enclosure in the vicinity of the lake., A wmap and survey of
1815 {B} are the earliest documents to portray the enclosure. The land is
described as  “exclusive sheepwalk belonging to Corsygedol called Cua
Bodlyn'. There are several entries in Corsygedol Estate accounts {(9F between
1800~1816 relating to payments for the <construction of new enclosures and
mountain boundary walls., It is therefore probable that this land was
‘enclosed” between 1800-1815, & periocd that coincides with the high point of
moorland enclosure in HWales (Bowen (914, Dodd 1927, Horgan (939, Thomas
19651,

Enclosure at this altitude probably represented & "land grab’ by the estate
and was not an attempt to actively improve the rough soorland grazing {cf.
Morgan 1939, Thomes 1945, Dodd t194B). It appears that the walls acted as
sheepwalk boundaries, the entlosure being too extensive to have encouraged
intensified grezing in the area. Indeed, it is popssible that grazing was
less intensive after the 'enclosure’ as stray beastc/flocks from neighboring
sheepwalks were now fenced off the Corsygedol land.

Entries in the Corsygedol Estate accounts (17%2-{Bi4y (10 indicate that
active improvement was occurring on the lewer land and the +fridd above the
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demesne, but there is no evidence that the high mountain land was in any way
considered suitable for lmprovement.

The altitude, soil acidity, exposure, wetness and steep margins determine
that the catchment is inherently unimprovable. There 1is np evidence from
documentary sources fscee bhelow), from air photographs, or on the ground to

suggest that the catchament has ever supported a land wse other than rough
moorland grazing.

It is unreasonable to expect any attempt to have been made towards improving
the acid moorland with lise, 6 lime kiln was constructed on the Corsygedol
demesne in 1816 (11 but in the 19th century the high price of imported linme
together with the cost of carriage over poor roads, ensured that it was
rarely used in remoter areas {Davies 1{B13). Contemporary farmers (G.
Baiiley, J. Howell, pers. comms.! and authorities (D. Jarrett pers. comm.!

confirme that agricultural lime has not been applied to the catchment in
living memorv.

Pocumentary evidence {12}

Descriptions pf the vicipity of Llyn Dulyn from the 19th and 20th venturies
suggest a landscape free from the improving effects of Man. Cliffe (1860)
described the situation of the lake as "as wild and sequestered as it is

possible to conceive" (p.354). Ward {1931} emphasiced the ‘wild surroundings’
ot the lake.

The tithe map and schedule of Llanddwywe (Llanddwywe-uwch-y-GBraig and
Llanddwywe-is-y~Braig! (13} provide very rough detail in the vicinity of
Livn Dulyn in the mid-1%th century. The land 1is described as "allotment’ in
the ownerchip of the Corsygedol Estate. The notation “pasture’ does not

necessarily indicate improved grazing land (cf. Morgam 1939, Kaip and Prince
1985},

The first and subsequent editions of the six inch ordnance survey map of the
area {l4) show the catchment to consist of "rowugh or heathy pasture’.

The First Land utilisation Survey six inch manuscript map of 1937 (153
places the entire catchment in the "moorland/rough grazing category. The
S8econd Land Utilisation Survey siz inch mahuscript map of 197C (167
indicates a vegetation cover and distribution very similar to the present
situation., Nardus and Festura dominate the drier aress, Ericphorum vaginatum
the wetter areas, with Vaccinium characterising the steep rocky catchment
walls (Fig. &1},

Mon agricultural land use

Although it lies «close to the Diphwys manganese mines, there is no evidence
férom documentary sources or on the ground to suggest that any mineral was
ever exploited or prospected for within the lake tatchment,

4,2.2 Land management

Pactoraliss

Until the mid !9th century black cattle were an important component of the
pastoral economy of north Wales (Roberts 1939, Emery (965, Hughes ei al.
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1973}, Goats also ranged the hills in significant numbers {(f7) (Evans {812,
Roberts 1959, Emery 1965, Hughes et al., 1973}, as did young ponies which
Merioneth was renowned for rearing and which stayed on the hills year round
{(Davies [813). However, the tentral issues of pastoral management ias the
catchment concern its utilisation for sheep grazing.

Particulars of the Dulyn area included in a sale brochure of the Corsygedol
Estate in 1908 {18} describe the land surrounding the lake as ‘sheepualk -
well supplied with water’ considered 'one of the best csheepwalks in the
district’'. This suggests that the land was neither under nor over-grazed.

The only quantitative data relating to sheep numbers in the vicinity of Llyn
Bulyn are those of the annual parish agricultural returns ot

tlanddwywe~is-y-Graig (i9}. These were analysed at quinquennial intervals
and are presented in Fig. 34.

Although they vrepresent the source of information most applicable to the
Llyn Dulyn catchment, the spatial resoclutien of these data do not permit
catchment-specific assertions to be drawn and their interpretation is
hindered by several other constraints. In particular they take only a
limited account of changes in  sheep type and no aceount of changes in
grazing regime {Patrich 1987:.

Sheep numbers have risen in the parish betwesn (B87-1983 (Fig. 34}. The
increasing significance of ewes and lambs at the expense of wether sheep
opver the last rventury, is also suggested from Fig. 34.

However, within the Llyn Dulyn catcheent no significant change in sheep
numbers has been recognised since ca. 19530 (B, Bailley, D. Jarrett pers.
comms. ),

A change in grazing regine has been apparent through the late 19th and 20th
centuries., The transition from herdy wethers to ewes and lambs, the
declining viability and eventual abandonment of the higher faras and the
greater availability of winter grazing on lower land, has resulted in fewer
sheep over-wintering on the high bhills and a shortening of the grazing
season at these altitudes (Patrick (9B7)., The Llyn Dulyn ares represents the
highest and most remote land in the parish, therefore it is wunlikely that
the catchment ever received much grazing pressure. Indeed, the current
grazing ot the catchment is minimal as exemplified by a recent visit in
April [986 which observed that the HNardus 7/ Agrostis / Festuca
grassland was totally ungrazed.

The Liyn Dulyn catchment lies in the Snowdonia National Park but this has no
great effect on the management of the land.

Burning

Little is known of the history of burning in the catchment. The present
grazier suggests that no burning has occurred in living memory (G. Bailley
pers. comm.). Aerial photographs taken in 1944 indicate patterns that may

reprezent evidence of burning. A later survey in 1962 shows no such evidence
{2073,
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Subeidiary management practices

There i& no evidence that this area was ever managed for game nor that gaae
was actively pursued in the lecality of the catchment.



3.0 Longlusipns

i Sediment accumulation rates at the core site were stable and low

(¢.0035 g em™® yr~') from the base of the core until 1950'c and 1960°c
when the sediment accumulation rate accelerated to 0.010 g ca™2 yr-t,

iid The diatom based pH reconstructions suggest that the pH of Llyn Dulys
was 3.9 - 6.2 throughout most ef the history recorded in the core.
Planktonic diatoams were absent from the lake and the data suggest a fairly
stable flore of attached circumneutral and acidophilous taxa, Atidification

of Liyn Bulyn, marked by the grpansiaon gf Eunotia exigua
Arhnanthes marginulata, Navigula heimansii and Navicula

padumensis, The data suggest a pH decline of 1.0 pH unit between {830 and
1985,

i1i} The core chemistry record deronstrates that trace metal contamination
of the lake sediments began at {1.5 cm {188B4). The low trace metal flunes

are thpught to be the result of low dry mass actumulation rates and hence
reduces sedimentation eféficiencies,

ivl The contamination of the sediments by carbonaceous particles coamences
at 14 cm, earlier than the beginnings of trace metal contamination, but
concurrent  with lake acidification. The concentration of these particles

increase rapidly from 7ca (1940°st. A similar trend is shown by the magnetic
data.

v} The recent portion of the pollen diagram identifies a shift in the local
vegetation from Calluna domination to domination by wmembers of the
Gramineae, presumably Nardus, Holiniag & Agrostis. This —change 15 the
reverce of what would noramally be expected if the land-use hypothesis as
supparted by Rosengvist et al. 1980 & Krug & Frink (1983) were in operation.
The polien diagram also reveals a major hiatus in the core at 95 cm below
which sediments dating to approximately the elm decline ‘ca. 3000 B.P.°
occur. A periocd of catchment erosion is identified by an Iscetes decline

from 60 cm to 20 ca and matches a period of increased cation concentrations
in the lake sediments,

¥} Mo appreciable land use change has occurred within the catchment
since the introduction of sheep by the Cistercian monastery. While sheep
numbers have increased in the area in recent years the decumentary evidence
iz not precise enough to assest whether the catchment has experienced a
significant increase in grazing pressure. Ne liming has ‘taken place within
the catchment and Burning has not been a significant management practice.

viit The acidification cannot be accounted for by land use changes.

Instead, all the data indicate acid deposition as the cause of
acidification. The timing of the changes and trends of the atsospheric
pollution indicators {trace metals, magnetics, carbonaceous particleslt,

indicating local deposition of atmospheric pollutants, are consistent with
this view.

viii} This is the first evidence for lake acidificationin North-west Wales.
The presence of many similar lakes in this area suggests that surface water
acidification is widespread in this part of the U.K,
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{125,000 maps accessed at ADAS Aberystwyth.

3. UCNW Mostyn Collectien:
B510. ‘'Map and ssurvey of Sir Thomas Mostyn's alloiments of Coammon
in the pariches of Llanddwywe and Llandeddwyn’, IBID.

. ‘Plan of lot § of Corsygedal Estate for sale’, no date.

. ‘'Map o0f allotments in the parishes of Llanddwywe and
Trawsfynydd’', no deate.

8673, ‘Map o©f allotments in the parishes of Llanddwywe and

Llaneddwyn’, no date.

£ F3
3R

Bé
86

5. Dolgellau record office, I/CD727. "Map and survey of allatments of
common in the parishes of Llanddwywe and Llaneddwyn’, 1891,

5. 50 Gep. 3, C.S5h.

&, 0f the nine Acts of enclosure concerning lands in Merioneih passes
between 1801-1850, cniy six awarde are extant {Thomazs 19463},

7. UCNW Mostyn Collection B&0JA. "HMap of Corsygedol Estate’, 1806,

8. See note .

9. UCNW Mostyn Collection, 6774. 'Corsygedol account book', 1792-1Bi6.
0. See note 9.

11. See note 9.

12. See Patrick (1987} with regards to EOUrcEsS tand their
interpretation! used in documenting land use and land management Cchange.

13. Tithe map and schedule for the parish of Llanddwywe, 1841, PRE (¥ew!
IR30 52/9.

14, First edition surveyed 1887, published 1890,
Second edition surveyed 1900, published 1901,
Third edition zmmended 1949, published 1933,
There was no 23 inch survey of this area.

i5. Held at the Lendon Schoo! of Ecomomics archive.

16, Held at King’'s College London Geography Department, Sheet no. 509.

i17. & herd of feral goats ropams the wmoorland of the Rhinpg National
Hature Reserve which lies some ¥ km to the north of the Dulyn catchment.



Czernarvon Record QOffice, X5C
the sale of the Cors y Bedol |

33,
siC.

PRO i{¥ew) Class HAF &8.

}

‘Particulars and plans
Ecstate’, 1908,

Air Photograph Dffice, Welsh Géfice, Cardiff. 1:10,000,

369 1223, 1224, May 4th 194&,
2074: OOB7, 0088. June &th 1952,

and vigus
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FEGGIA FRAGILARIA CONSIRUENS

FREOIC TRAGIALEIA COMSIRURNHS ¥ wEHIEY

FRIGSA FRAGILARIA HIRESCENG
FRODEA FRAGILARIA BREVISTRIATA
FROG7H FRAGILARIA VAUCHER[AE

FRY995 FUAGILAREN CF PIFHATA ¥ LANCESTULA

FR¥999 FRAGILARIA P
FUGO2A TRUSTUL [A RUOREDIDES

Fi3528 FRUSTULTA RHOREGICES ¥ SAYDHICA

[O364A GORFHDHERA GRACILE

GORGAA SOMPHONEHA ACUMIHATUN
GOB13A GOAPHONERA PARVULUA

GO9979 GOMPHONERA SF

HER24C SELDSIRA LIRATA ¥ LACUSIRIS
HE$45A ELOSIRA DISTANS

KEGDSD RELOSIRG DESIANS ¥ TENELLA
KEGOSE BELOSIRA DISTANS ¥ HIVALES
KEBIBA AEEOSIRA PERGLAERA

KEB10R MELOSIRA PERGLAERA ¥ FLORIATAD

KES14A WELBSIRA HYGARARDLI
KEF9IT FELOSIRA 5P

HHR0TA MAVITULA JATRNEFELIT]
HALDZA BAVICHLA RaDIOSA
HARDIE BVICILA RADIDSA v TERELLA
RANOTA RAVICHLA SEXIHULUA
HADOAA BAVICULA REDIDERIS
HABIZA RAVICULA PSEURORCUTIFGRMIS
RABT4A RAVICULA PUFLLA

Rajisa mAvICHLA BAGRIACA
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HABITA BAVECIEA FESTIVA
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HADSEA BAICULA CONTEIA
HAGTSA BAVILULA SUBNAMULATA
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