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Summary

i} Core studies of diatoms, pollen, chemistry, carbonaceous particles and
magnetics together with e land use study have been conducted at Llyn y Bi,
Gwynedd. An upland, oligotrophic lake situated on the eastern side of the
Rhinog plateau.

ii} Sediment accumulation rates at the core site  appear to have
accelerated above 2.75 cm (ca, [940). Before 1940 there appears to have
been a constant accumulation rate of 0.033 g cm—2 yr—t,

iii} The diatom based pH reconstructions suggest that the pH of Liyn y Bi
was 5.8 ~ 6.1 throughout most of the history recorded in the core
{until 4 cm ca. 1903). Above 4 cm pH declines rapidly, dropping over 1.2
units between {903 and 1983, fciditication of Llyn y Bi is marked by
the expansion of Tabellaria binalis, MNavicula subtilissima, N,
heimansii, Eunctis denticulatas & E. alpina.

ivi The core chemistry record demonstrates that trace metal contamination
of the lake sediments began between 7 and B ce {ca. 1B00) with lead followed
by strong contamination by zine at 4 cm {1%03).

v} The contamination of the sediments by carbonaceous particles commences

at 6 cm {ca. 1B840°'s), The rapid rise in carbonaceous particles from 4 cn
(1903) is conturrent with lake acidification, A similar {rend is shown by
the magnetic data.

vi} The recent portion of the pollen diagram identifies a shift in the local
vegetation from framineae domination to domiration by  Calluna
at a depth of 10 - {5 ¢mn & century or more before lake acidification began.
A period of catchment erosion is identified by an Isoetes decline from 20
em to 10 ¢cm and matches a perinod of increased cation concentrations in the
lake sediments.

vii} WNe land wuse change has occurred within the catchment. However,
the cessation of burning has occurred in recent vyears with a contomitant
decrease in sheep numbers and grazing pressure. Ko liming bas taken place
within the catchment.

in} While the pollen evidence suggests that a vegetation thange towards

Calluna heathland took oplace in the local area in the 18th and 19th
centuries the timing of the changes and trends of the atmospheric pollution
indicators {trace  metals, magnetics, carbonaceous particlesi. indicate
acid depesition as the cause of acidification. The extent to
which &cidification might have been exacerbated by land-use management
practices cannot be assessed. Moreover, this is the only lake site in
central Kales & north-west Wales where a potentially acidifying land-use
change is indicated.
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£.0 Introduction

Surfare water acidification is recognised as one of the wmost important
environmental problems in FEurope and HNorth America, vyet despite the
pioneering work of Gorham on precipitation chemistry in Cumbria (Gorhanm
1958) the extent of acidification in the UK is still not known. In earlier
papers (Flower and Battarbee 1983, Battarbee et al. 1985, Jones, Stevenson
and Battarbee 1984, Flower et al. 1987) we established that lakes on
granitic rocks in Balloway, South West Scotland, were strongly acidified,
and that the most 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 general hypothesis that clearwater lakes with pH values
less than 5.5, oceurring within areas of high acid deposition, are acidified
due to an increase in acid deposition over recent decades.

Llyn y Bi, located on the eastern side of the Rhinog plateau, Bwynedd (Fig.
i}, was the fourth site chosen in Wales. Hhile no site details of acid
deposition exist, records from the nearby monitoring station at Aberystwyth
reveal that in general the wmean pH of precipitation is ca. 4.5 and the
annual wet sulphate loading is 1.2 - 1.6 ¢ wmr~2 yr-* (Figs. 2 & 3). The
catchment is largely undisturbed, cosprising upland moorisnd and rough
grazing for sheep. GSediment cores were pbtained in May 19E5.

Qur approach involves the use of diatom analysis to reconstruct past pH
valuesy 2'°Ph  analysis to establish a lake sediment thronology:
geochemicaly, magnetic and “soot® analysis to trace the history of
atmospheric contamination; and pollen analysis and land-use history studies
to svaluate the influence of catchment changes on the past ecology of the
lake.
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2,0 Site details

2.1 Lake

Llyn y Bi lies at an altitude of 445 m in an area which receives rainfall in
excess of 2000 mm yr-*. The lake is a small, almost circular, upland corrie
lake of 27,063 a2 and a volume of 42,638 n>. The detailed bathymetry (Fig.
41 reveals that the lake is very shallow with an average depth of 1.58 a.
No inflows exist and the lake is fed chiefly by groundwater and surface
flows. Llyn y Bi fs drained by an ocutflow running eastwards into the Afon
Bamlan north of Dolgellau. : " - :

Table 1 Lake charactafiétics

firea 270463 m=
Voluae 426358 a®
Harimum depth 3.0 m
Hean depth .58 &
Approximate residence time i6 days

2.4.1 Hater chemistry

In common with most of the wupland acid lakes examined in this study water
thenistry measurements by the WWA (Table 2} reveal that the lake has a low
mean pH of 4,74 ({Fritzr et al. 1986, Kreiser et al. 19B4, Stevenson
gt al. 1987a, Stevenson et al. 1987b, Patrick et al 1987},

2.1.2 Lake venetation

Bn May 2nd 1983; major stands of littoral vegetation were nmapped from the
shoreline, 135 Ekman grab samples were taken from a boat to determine the
distribution of sublittoral plants.

#ilong rocky parts of the shore, a rich variety of liverworts and algae
abound, while rushes (eg. Juncus acutiflorus# and d.articulatus}
dominate the peaty stretches, Lobelia dortmanne is locally frequent in
shallow water along the southern shore and there is an extensive stand of
Equisetum fluviatile at the west end of the lake ({(Fig. 5}. Except for
the rocky eastern end, the lake {floor is largely covered with Juncus
fluitans. Sphagnum mpss wWas recovered in 4  o0f the Ekman samples.
Otherwise, the macrophyte flora is species poor {(Table 3},

Table 3. Plants growing within Liyn v Bi, May 1985,
(A= abundant; 1f= locally frequent; o= occasional} r= rare)

Shoreline Littoral zone -~ © . Sublittoral zone
Leafy liverworts Lobelia dortmanna Isoetes lacustris
f¢ilamentous algae (14} Littorella uniflora (r} Juncus fluitans (A}
Carex spp., (r) Potamogeton natans (o} Sphaghun sp, (o)
Juncus atutiflorus (14) Equisetum fluviatile (1§}

Juncus articulatus (14) duncus fluitans (1§}

Menyanthes trifoliata (r)

tNomenclature follows Tutin et al. 1944-19B0.



able 2: Lake water thesistry results for Liyn v Bi,

Date

28/03/84
13/06/84
08/08/84
10710784
10/12/84
05/02/85
23/04/86
02/12/86

Date

28703784
13706/84
¢8/o8/84
10710784
10712/64
05/02/85
23704784
02/12/86

23704786
02/12/88

gH

Potassiue

-

s GO0 D O

T D b e bob s b B
-

-

Lonductivity
us ™!

43

T

Oridised
Hitrogen

Lalciu

1,23
1,43
[.36
0.9y
0.99

fluginiue

otal

0.12
0.04
0.11
0.15
0.20
0.70
6.33
0.15

Bg it

0.1%0
0,149

Total Chioride
Rlkalinity
gy 1t
i.0 12.0
.0 11.0
1.0 1.0
3.0 8.0
L0 L
2.8 7.4
2.3 10,0
0.9 7.0
Haghesiug Tint
gy 1
1,02 0.011
0.89 0.013
0. 64 0.013
0.73 0.015
- 0.019
- 0.130
0.84 0.027
0.59 0.008

Silicate

0.898
6.107
0,641
0,856
{781
0.200
0,740
0.800

fead

"

- -

-
——

e

Gulphate

5.0
7.0
5.0
5.9
5.0
4,84

-

3,23

Sodiue

5.5
5.3
5.2
4.8
4.3
4.3
4.0

Hanganese

0.07
0.14
0.16
0.08
0.05
0.05
0.04

Iropn

6.02
0.08
0.04
0.03
0.02
0.04
0.01



12

SanBW W SINOJIOD

SANS FH0O0 8

SO 06

1g A uA|7 J0j suoileao) Bulod pue AnawAyleg v




13

18 A uApt Jop dewr uogezaBap g

m
wooL

8|l1elAn}} winjasinby

[N



14

2.1.3 Fishing history

The contemporary fishery status of Llyn y Bi is uncertain, The lake is
privately owned and only irregularly fished by angiers. It was reputed to
contain arctic char and good stocks of heavy trout, but a WWA survey in {985
was unable to verify thie (N, HMilner pers. comm.}. Two local communicants

suggest that the lake is now virtuglly +¢ishless (6. Edwards, J. Jones pers.
tomm.}.

Lliffe (1B840) reported that the trout in Llyn y Bi were superb fish, both in
appearance and quality and that specimens in excess of O 1bs had been
vaught., Paradoxically the +fishing at that tise was so good that it was
spoiled for the angler by poachers using ‘otter bpards’.

Ward (1931) affirped the presence of ‘fine’ trout and char in the lake.

The ruins of & boat house say still be seen on the north-east shore of the
lake. The date of this construction is wunknown, but its presence suggests
that in a former era the lake supported a viable fishery.

2.2 Catchment

Llyn Y Bi has a 1large catchment, 477,116 m®, and has a large
catchment:lake ratio (i6.61.

Table 4 Catchment characteristics
Total catchment area 477116 w?
firea of land in catchament 450083 n=
fArea of lake 27063 m*
Catchment/lake ratio ib6. &
Maximum relief 120 m

2.2.1 Geology

The solid geolngy of Liyn vy Bi consists of Cambrian, coarse grained/pebbly
greywackes of the Rhinog formation of the Harlech grits group (Allen &
Jackson 1983}, The drift geology is restricted to areas of scree beneath
the corrie backwall snd & small area of opverlying boulder clay to the
sputh~sputh-east.

2.2.2 G&Soils

fcid, humic rankers belonging to the Revidge fAssociation {(3iia} dominate the
tatchement soils {Rudeforth et al. 19B4).

2:2.3 Present Vegetation

The corrie backwall is dominated by bare rock, Vaccinium and seall ampunts
of Calluna vulgaris. The remainder of the gentler slopes are covered 1in
extensive, mature Calluna vulgaris communities with the underlying bare
rock occasionally exposed (Fig. &1, Small amounts of Eriophorua
vaginatum and Calluna vulgaris octcur in the wetter areas around the
outflow.
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3.0 Methods

3.1.1. Burveying

The lake was surveyed wusing the techniques described in Stevenson et al.
{1987). Ghore surveying stations were lotated on opposite shores.

3.1.2. Collection of cediment cores and routine laboratary
measuremnents of sediment characteristics

Lores were taken using & eodified Livingstone corer operated from &
mini-raft supported by ¢two inflatable boats. Sampling was carried out
during May 1983,

Core Llyn vy Bi 2 (485 cm) was extruded in the laboratory and the top 20 &m
sliced into {/2cm slices. The remaining sediment was sliced at ice
intervals, The sediment was subsequently sub-sampled for dry weight, loss
on ignition (at B50%C) and wet density measurements.

Analyses for dating, wmagnetics, chemistry, soot, diatoms & pollen were
all cvonducted according to  the standard methods set out in GBtevenson
et al. (19871,
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4,0 Results

4.1 Lake history

4.1.5. Sediment Description

The lithostratigraphy of the core is given in Fig. 7 and is divided into 4
main units. The basal unit consists of an olive-grey organic mud with
occasionagl black diron concretions (Ld*4), The organic caontent of the
sediment throughout this section is extemely low {approx. B%) with high wet
density and dry weight. A general trend to higher 1loss on ignition and
lower dry weight and wet density values i{s observed throughout the section,
From 26 - 17 tm the sediment changes to a light grey/brown organic mud with
some fine detritus (Ld?4, Dg+) and gradual increases in loss on ignition
and declines in wet density and dry weight values. Above 17 cm and until §
cm the sediment undergoes a sore marked change 2% 1loss on ignition values
rise appreciably and wet density and dry weight values fall., The topmost
section of the core consists of & dark brown bprganic sediment of low humic
content with fine detritus (Ld*2, Dg2} and is associated with a large
rise in loss on ignition values to 30% and consequent drops in dry weight
and wet density values.

4,1,2. 21°Ph dating

Sediments fros core YBI 2 were analysed for 2!'°Ph, 224¢Ra and '*>7(s by gamma
spectrometry {Appleby et al. [9B&}. The *=*°Pb and ®**“Ra results are given
in Table 5 and shown graphically in Figs. 8 & 9. The **7Cg results are
given in Table & and Fig. 10. Table 7 gives values of a range of other
radivcisotopes determined from the gamma spectra. The 2'°Ph inventory of the
core is 5.55pCi em~®, and represents a aean *'°Ph flux of 0.17 pCi cm~?

yrot. This is comparable with the value for the adjacent Llyn Dulyn
{Stevenson et al. 19B7b),

The reduced slope of the =:°Ph profile above 2.75 ¢m appears to be
associated with an acceleration in the rate of sedigentation., The well
defined **7(Cs peak at 1.25 cm would appear to preclude mixing. Fig., 11
shows the ®*°Pb chronologies for core YBI 2, given by the CRS and CIC 22°pPp
dating models {Appleby and QOidfield 1978}, I+ the *37Cs peak is assnciated
with the peak *37Cs fallout from nuclear weapons testing, 1963 should occur
at some point between 0.5 cm and 2.5 cm, These limits are in this case
consistent with the CRS5 model, which puts 1963 at a depth of 1.3 cn. The
CIC model on the other hand gives much younger dates, and puts 1943 at 3 co.
In view of the reazonable 2'°Ph flux and the consistency with the *37(s
date, it would seem preferable to use the CRS model chronology, and this is
given in Table 8. It should be noted, however, that consistency with *37Cs
does not extend to the 1954 onset date. There are significant 237(s
concentratione down to the 2:°Ph sguilibriums depth, indicating significant
downwards diffusion.

The CRS model dates the acceleration in accumulation rate to some time
between (940 and §97C., Before 1940 there appears to have been a constant
sedimentation rate of 0.033 g ¢s~= yr~*. The #'°Pb profile (Fig. 8) shows
reduced ®2¢Ra roncentrations between 4.75 cm and 2.75 ce, i.e. between 1880
and 1940. The decline at 4.75% cm is also marked by a decline in the 4°K
concentration (Table 7), and may indicate & change in sediment type. The
values of the other radipisotopes are top low to give a consistent pattern.

A



i8

Ld12, Dg2
9 Ld13, Dg1
Ld14, Dg+

ottt U o e e et s
SRR R RIS LLRRLLLS
0000020 20 0 0000 %%
KKK

9305
GRGKIRRKKL
GRGIRIREIKIRRKS

™ [ L D I I B L | Ty LI N T B A i |

1.1 1.2

g/en®

™Y

JVAINS INFWIC3S K038 WA

TFT

48

16 20 30

1@ 20

@

8

T.



15

Table 5. **°Pb Data for Core YBI2

Depth Dry Mass 2% Concentration
Total Eneupp.
cm gocm - Ci g * # oCig’
0.25 0.0137 21.15 1.20 21.15
1.25 0.0903 21.34 1.28 20.40
2.75 0.2086 14.16 {0.68 13.73
3.75 0.2994 5,17 0.57 4.81
4.75 0.4075 2.02 0.40 1.65
5.75 0.5303 1.13 0.18 (.46
6.75 0.6600 1.35 0.37 0.23
7.75 0.7877 0.66 0.28 ~-0.48
Table &. 337Cs data for Core YBI2
Depth  Dry Hass  ®7Cs concentration Cuselative '*70s  Fract
te gce? pbi g7° +f- pli ca™2 ¢/~
0.26 6.01W .77 ¢.40 0.07  0.00  0.044
£.25  0.0%03 5.54 0.44 .46 0,03 0,321
275 0.20% 2.9 .21 0.9% 0,06 0,862
.75 0.29% 1.98 0.21 1,17 0,06 0.B17
4,75 6,473 .79 ¢.14 .31 0,07  0.%14
.75 0.5303 0.36 6.05 L3 0,07 0.9
8,75 0.5600 0.21 9.12 .40 0,07  0.%87
.75 0.78N ¢.10 0.0% LAY 0,67 1,000
Table 7. Other radinisctope data for Core YBIZ,
Dgpth ?26&; 238“ 235“ ZIBAC ZIETh GGK
e pCi g
0,25  0.00 6.00 6.00 2.42 0,00 §,90
125 0.%4 0.5¢ 0.00 0.89% 0.45 3.45
275 0.4 0.00 .17 0.93 0.22 2.48
L1503 0.56 0.03 4.5 0.00 5.3
475 0.37 6.00 0.21 0.49% 4.20 g.34
575 0.47 0.43 0.15 0.50 0.33 .11
575 143 8.00 0.22 6.48 ¢.00 10,93
.75 1.14 0.68 0.1B 0.36 4.30 16,67

OOC}QOC}F“!“"
03 4 s 4 O O GO B
[ B oo I [ L a0 o I R

228

Ra
Concentration

i g *
0.00 0.00
06.94 (.36
0.43 0.18
0.36 0.17
0.37 0.13
0.67 0.06
1.13 0.16
1.14 0.12
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Table 8,

Depth  Dry Hass

i8

6.00
6,50
1.00
.50
2.00
2.50
3.00
3.90
4.00
4.50
5.00
3.50

2toPh Flux

CRS Hodel *'°Ph chroaology

gce-?

£.0000
0.0329
0.01114
0.1102
0.1499
0.1897
0.2320
0.2748
0.3264
0.3803
0.4382
0.49%

=

Cunul, Unsupp.

zwph
pCi ca2

3.55
47
3.87
100
2.19
1.60
1.0%
Q.49
0.43
0.28
0.13
0.0%

Chronology

Date 4Age &td.
AD ¥r Error
1985 0

1980 3 2
8w 2 i
1965 20 2
1958 30 2
1945 40 2
1933 52 3
19 &7 §
1903 82 5
iBB7 98 7
1869 116 10O
1858 $34 13

B.17 /- 0,01 pli ra~®
901 Equilibrius Depth = 3.7ca. or 0.30 g c&™2
991 Equilibrius Depth = §.%ca. or 0.55 g ca™2

21

Sedisentation Rate

g e

0.0047
0.0036
0.0047
0,004
0.0033
.0030
0.0032
0.0034
0.0035
0.0033
0.0035

e yrot

0.091
0.073
0.059
0.049
0.040
0,035
0.034
0.033
0.031
0.030
0.028

Etd.
Error
¥

o O
- = ® =

fod NPT e pen
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4,1.3. Diatoms and pH reconstruction

Diatoms were analysed from the uppermost 20 cm of core YBI 2. The top & cm
includes the =2!°pPh~dated portion of the core. Fig. 12 is a suammary
diagram of the relative abundance of major taxa in the Liyn vy Bi sediments.
Diagrams showing the stratigraphy of all taxa are included in Appendix A.

Periphytic taxa make up the diatom flora throughout the analysed sediments.
Below 5 ctm the flora is dominated by the circumneutral and acidophilous taxa
Achnanthes minutissima, finomoeoneis vitrea, Fragilaria virescens and Eunotia
veneris., Other common taxa . include Cymbella gaeumannii, Eymbells gracilis,
Eunotia pectinalis var. minor, Frustulia rhomboides var. saxonica, Navicula
nedipncris, Perpnia d{ibula and Tabellaria flocculosa. This essemblage is
someWhat similar to the early +¢loras of the nearby Llyn Dulyn (Stevenson et
al. 19B7b)y, excepting significant percentages of arcidophilous Helosira
species in Llyn Dulyn, and of Llyn Gynon (Stevenson et al. 1987a), which has
higher percentages of the alkaliphilous Fragilaria construens var. punmila,
The absence of planktonic species suggests that Llyn y Bi has heen
moderately acidic throughout the period represented by these sediments,

The first floristic changes occur in the Llyn vy Bi core at & ca (ca. 1B&9H
with the expansion of HNaviculs madumensis and subsequently Navicula
bremensis  and the initial decline of Achnanthes minutissima, Hore
dramatic +fioristic changes begin above 4 ce (1903}, with the expansion of
the acidobiontic taxa Tabellaria binalis and Navicula subtilissima,
the acidophilous taxa HNavicula heimansii, Eunptia denticulata and
Eunptia alpina, as well as the pH-undesignated HNavicula tenuicephala
and - Cymbella borealis. Several ‘. circumneutral taxa including
Anpmoeoneis vitrea, LCymbella gracilis and Fragilaria virescens
decline concurrently. The progressive expansion of Tabellaria binalis
and decline of Achnanthes minutissima, Fragilaria virescens and
finomoepneis vitrea is similar to the pattern seen in the uppereost
sediments of several Galloway Ilochs (Flower et al. 1987} and clearly
indicates a progressive decline in lake pH. Llyn y Bi is the only Welsh
where Tabellaria binalis has been found, and in ctontrast to several
ot the other acidified Welsh sites, Tabellaria quadriseptata is rare.
Percentages of Tabellaria binalis are considerably  higher in the
uppermost 2 ce of Llyn v Bi{ than in .  any Galloway sites, where relative
abundances do not exceed 10%.

pH reconstructions for Liyn y Bi (Fig. 12} wusing index B-Balloway, index
B~Scandinavia, and wmultiple regression of pH groups (Flower 19Bé&} all
suggest a stable pH of 5.8 - 4.1 below 4 cm (1903). Above 4 ca pH declines
rapidly, dropping over 1.2 units between 15903 and 198S5. The initial pH
decline at Liyn y Bi is approximately synchronous with that at nearby Llyn
Dulyn (Stevenson et al. (987b} and at Llyn Hir (Fritz et al. 1984}, although
at Llyn Hir the pH decline is lees rapid early in the 20th century and then
accelerates in the 1940 s.

The pH reconstruction using rultiple regression of pH categories accurately
predicts the mean lakewater pH at the sediment surface. pH reconstruction
nodels using index B, however, predict a surface pH considerably lower (3.7
- 3.B} than the actual lakewater pH. This large discrepancy in measured vs
predicted pH is somewhat difficult to explain. It is rclear that the pH
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reconstructions are being driven by the tremendous representation of the
acidobiontic Tabellaria binalis whose relative abundance in Liyn y Bi
greatly exceeds that in any of the Scandinavian or Galloway sites used teo
construct the indices. We are presently developing a calibration data set
for pH reconstruction (see Flower 1984} using surface samples from Welsh
lakes (including Llyn y Bi). This regionally based data set should provide
more accurate pH  reconstructions for the Welsh lakes which differ
floristically in several respects +from the Galloway and Scandinavian lakes
{eg. Fritz et al. 19Bé&). Nonetheless the agreement of the three extant
models in reconstructing pre-20th century pH values of Liyn y Bi and a early
20th century onset of pH decline suggests that the pattern and timing of pH
change suggested by these models is real and that the wmagnitude of
20th-century pH change is indeed considerable. Subsequent pH models using a
Helsh data set will hopefully allow an accurate aodelling of the true
magnitude and rate of the 20th century pH decline.

4£.1.4. Sedinent chemistry

Hajor cations

The sediment constitution in Llyn y Bi, as in all the Welsh lakes studied so
far, is not constant along the core. Both density and dry weight decrease
up the core (with shoulders at § and 18 cm) while the 1loss on ignition
generally increases {with minor peaks also at 5 and iB cm) (Fig. 7).

The behaviour of magnesium, sodium and potassium is similar (Fig. 13). The
concentrations are fairly constant to 20 cm and then after a small drop they
increase to B.25 cm and finally drop towards the sediment surface. A
comparison of the cation profiles with that of loss on ignition shows that
the changes in ctation concentration are not due to changes in the organic
content of the sediment. This is also supported by the similar shape of the
tation concentration-depth profiles and the same profiles when the
concentrations are expressed per gramme minerals {(Fig. 14},

These changes in sediment constitution indicate that there have been changes
in the erosion rate of material from the catchment (Engstrom & Wright 1984,
pp27-34, Mackereth 15946). The changes are before the dated part of the
core but the higher toncentrations between 5 and i35 cm coincide with pollen
evidence {(4.1.7} 4for a period of higher erosion of material from the
tatchment.

The calrius roncentration is fairly constant and its behav:nur is dissimilar
to the other cations,

Trace seteals

Even though the concentrations of magnesium, sodium and potassiua all drop
in the upper 8 cm of sediment the concentrations of zinc, 1lead and copper
inctrease (Figs. 13 & 14&) The increases in lead and zing are large. The
lead concentration increases above B c&y, zinc above 4 c¢m (with a large
subsiduary peak at 15 ca) and copper above 3 cm. The nickel
concentration-depth behaviour is less clear but it does have a peak at 4 cm.
The profiles are similar when the concentrations are expressed per graame
minerals (Fig. 17}.

There is contamination of the Llyn y Bi sediments, particularly by lead and
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zinc, starting at 1903 (4 ecm} with zinc and around 1800 (B cm) with lead.
This contamination, like in all the Welsh lakes so far studied, is from the
atmosphere (Fritz et al. 1984, Kreiser et al. 1[9B4, Stevenson et

al 1%B%a, G&tevenson t sl 198ébi. Wastewater sources in this remote

lake are very unlikely.

The trace metal (and cation) fluxes in Llyn vy Bi (Fig. 1B} are low compared
to the Galloway lakes {Battarbee et al. 1985) and the other lakes in
rentral Kales (Stevenson gt al 19B7a). They &re, however, similar to
all but one of the lakes in north-west Wales. The low trace metal fluxes in
Llyn y Bi and those other Helsh lakes are in sediments with low dry mass
accunulation rates. It is probable that the low sedimentary fluxes are
because nf reduced trace metal sedimentation efficiencies due to low dry
mass accumulation rates or short residence times.

Sulphur

The sulphur profile is shown along with loss on ignition in Fig. 19. At
first glance the eulphur profile follows that of the leoss on ignition.
However, closer visual inspection and the correlation coefficient (0,371}
show that there are factors other than changes in the organic content which
influence the sulphur profile.

It may be that the sulphur peak at 16 cm is asspciated with the land-use
changes which give rige to the loss on ignition and major cation variations
around this depth. Above § cm the rapid rise in contentration may be due to
eontamination from the atmosphere. Sulphur, unlike the major cations and
the trace metals, is involved in (microlbioclogical .cycles in lakes., This
complicates interpreting concentration-depth profiles as a direct reflection
of inputs to the lake. Changes in lake productivity, thermal stratification
and chemical environment all influence this cycling and so the net
sedimentary concentrations. Without somne information about the sulphur
tyecle in a lake it is difficult to evaluate its influence on the sulphur
profiles,

4,1.5. Carbonaceous particles

The carbonacepus particle pattern for Llyn y Bi, illustrating the number of
particles per gram dry sediment is given in Fig. 20 & Table s ., It shous
the presence of particles in small numbers at a depth of & -7 cm. The onset
of a trend of rapidly increasing counts commences at & cm (ca. 1B&9},
continuing to the surface.

The pattern #or the carbonacepus particle count in terms of the organic
content of dry sediment is given in Fig. 2!, Carbonaceous particle patterns
in terms of the organic fraction of sediment (using LOI) may be considered
to be more precise as the supply of organic material to the sediment tends
to be more unifore over tise than the input of eineral matter which can vary
widely. Using LOI as 2 base hag the effect of ‘smpothing’ the socot pattern,
and this can be observed for Llyn y Bi., Otherwise, the pattern is very
similar to that in Fig. 20.

£.1.6. HMaonetic Measurements

A

Sediments from Liyn y Bi 2 were packed into previously screened styrene pots
and subject to the following sequence of magnetic measurementse-
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Table %: Carbonaceous particle analysie for Liyvn v Bf 2

Hio. Carbonaceocus
Particles

Depth per g per g
dry sed organic

{ced % 10 content

¥ 10s
¢.% - 1.0 20.58 75.5
1.5 - 2.0 i4.86 52.3
2.5 - 3.0 .28 29.1
3.5 - 4.0 3.688 15.8
4.5 - 5.0 2.20 12,4
5.5 - 6.0 0,52 4.0
6.5 - 7.0 0.15 0.9
7.5 -~ B.0 0.00 0.0
g.5 - 9.0 0.38 2.4
9.5 - 10.0 0.15 0.8
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f. Anhysteritic Remanent Magnetization (ARM} using a Holspin AF
Demagnetizer set with a peak AF fieid of 100mT and & DC bhias of 0.04m7.

2, ‘'Saturation’ Isothermal Remanent Magnetization (S8IRM) using a Molspin
Pulse Magnetizer with a naximum DC field of B30mT.

3. Isothermal Remanence (IRM) measured at each step in a sequence of

reverse field DC demagnetization at -20mT, =-40nT, 100mT and ~-300mT for
samples from 0 - 30 ca,

All remanences were measured on & Minispin Slow-speed spinner Fluxgate
Hagnetoneter. Susceptibilities were not measured as the combination of

small sample size and relatively weak magnetization wmade the samples
unsuitable.

Fig. 2Z plots the sagnetic measurements for this core. The right hand graph
shows reverse field ratios (IRM.,/8IRH} plotted against a horizontal scale
of percentage reverse-saturation. Thus 50 represents the point during BC
demagnetization at which IRM is zero and 100 represents the point at which
IRM/BIRM is -1. Fig. 23 plots BIRM-IRH_-zomr 25 & mass specific remanence
versus depth, This is the best available (albeit ieoperfect}! estimate of the
changing concentration of multidomain ‘magnetite’ in the core. Qur
unpublicshed evidence indicates that this is often the best single "magnetic’
indicator of recent anthropogenically derived atmospheric deposition. Fig.
24 pliots SIRM + IRMezoomr also a5 2 pmass specific remanence versus depth,
This is the best available estimate of the changing concentration of
‘haematite’ in the core.

Both BIRM and SIRM.zowm+ intrease steeply above 7.3 cno. The SIRM values
below that depth down to 22 cm range between 250 and 700 x 10 ~* Am® kg—!,
some 5 to 10 times the values found in most pre-industrial ombrotrophic
peats. Below 22 ca there are major shifts ip both SIRM and ARM with peak
values evceeding those in the top 5 c¢o of the core, These lower variations
are probably attributable to changes in zllochthonpus, catchment derived
sediment input. Extrapolation downwards of the vroughly constant =2°Pp
derived sedimentation rates found below ca. 4 cm suggests that the period of
low magnetic concentration begine in the 14th century A.D. The first
inerease in magnetic toncentrations at 7.5 cm dates to the late 1Bth century
and the main increase at 4 ce dates from ca. 1880 /.D.

In view of the extrenely Iow values of ARM between 11.5 cm and 22 em; cross
plots have been compiled only +for sasples above 11.5 cm and detailed
interpretation is restricted to this uppermost part of the core. Values for
‘hard’ IRM ( SIRM + IRH-soomr! @re o low below 4.% cm that this parameter
has not been used in cross plots.

‘Boft’ IRM values increase in two steps at 7.5 co and 4.5 cm (Fig. 23} and
‘hard® IRM values in a single step at 4.5 cm (Fig. 24). Both on a mass
specific and 3 normalized basis,; soft IRM:ARM ratios differentiate the sanme
sample groups below 7.5 cm, from 7.5 - 4.0 cm and above 4.5 ca, into more or
less discrete envelopes of values (Fige 2% & 26). The magnetic accumulation
rates shown in Fig. 27 show an increase in both ‘soft’ and total IRHM
actumulation +4rom the late-1%th century onwards, with peak deposition since
19465, The peak rates are ca. &4 times those recorded for the mid-19th
century, The calculated accumulation rates parallel and are cosparable in
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LLYN-Y-BI

22. ARM, SIRM and SIRM/ARM versus depth, 0-B0cm, Reverse field ratios (see text} are plotted for the top 23 cm only
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quantitative terms to those calculated for nearby Llyn Dulyn (Stevenson et
al. 1987b). 4ll the sagnetic properties of the most recent samples are
compatible with atmospheric sources.

4,1.7. Follen

Figs. 2B & 29 present summary pollen diagrams of the Llyn y Bi core.
Appendix B contains the full pollen diagram. The pollen diagrams have not
been zoned because of their short depth.

The pollen diagram for Llyn y Bi 2 has been truncated because of the
grtresely low pollen concentrations found in the sediments below 3& ca.
Above this depth the core presents a picture of an open moorland dominated
by Calluna and Gramineae. The pine increase at the top of the core along
with a Picea increase reflects the extensive planting of the Coed y Brenin
forest lying some 2 ke to the east.

The catchement vegetation while now dominated by Calluns vulgaris and
reflected in the very high Calluna pollen values has in the past been
dominated wmainly by Gramineae and Sphagnum. The change from this wetter
type of moorland community to a drier Calluna dominated syster 1is
probably associated with the changing 1land use and management pattern
(4,2.1)., It is interesting to note that ¢this is the aonly lake catchment
within the Welsh and Scottish sites studied so far where a potentially
aciditying land-use change can be identified {(cf. Rosengvist 1980, Krug &
Frink 1983).

A merked erosion feature in the sediments is indicated by the dramatic
collapse in [soetes values at 12 % 8 cm followed by a2 subsequent recovery
and is also indicated by a small peak in the loss on igntion record during
this period and an increase in the major cation concentrations (4.1.4}.

.2 Land use and Managenment {1}

4.2.1 Land use

At over 400 m on acidic soils the Llyn y Bi catchment tonsists of unimproved
enclosed wmoorland utilised for rough grazing., In terms of its vegetational
comppsition (see Section 2.2.3) it may be categorised as ‘'shrubby heath’
teg. King 1977, Ball et al. 1982}.

In terms of the ADAS {2} land capability classification the catchrment
comprises land of category H4 - ‘generally not improvable and of low grazing
value’ (MAFF 19B80}.

The Liyn v Bi catcheent tomprises the northernnost of four adjacent blocks
of land enclosed by dry stone walls, 7The date of enclosure is untertain. It
is possible that the wall high on the western ridge is an older boundary and
that enclosure into blocks took place at a later date. Locally the enclosure
is attributed to the early 19th century (J. Howell pers. comm.). This was
the high period of weoorland enclosure in Wales coinciding with the
stimulated agricultural economy of the Napoleonic wars (Bowen {914, Dodd
1927, Morgan 1959, Thomas 1965},

dhether the enclosure was accomplished by a private or (i after 1BO1) a
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parliamentary Act, or whether it represented an unauthorised encroachment by
the estate (the Dolmelynliyn estate possessed the grazing rights in this
areal on to the Crown Waste, is unknown, The catchment lies in the parishes
of Llanddwywe-uwch-y-Graig and Llanelltyd. Socme land in Llanelltyd was
encleosed in 1809 (3} and some in Llanddwywe in 1810 {4} (Bowen {914),
Precise details of the area(s) involved are not known {5}. A 19th century
map and survey describe the ‘allotments’ in question but are undated (&).
Ordnance Survey surveyor's drawings made in 1819 (7} give no indication of
any enclosure around Liyn y Bi, but the accuracy of these plans is
uncertain,

Enclosure in the vicinity of Liyn y Bi probably represented a "land grab’ by
the estate and not an attempt to actively improve the rough moorland grazing
{cf. Morgan 1939, Thopas 1945, Dodd 194B}. Although enclosure inevitably
affected the managenent of the land and possibly its vegetational
composition {(cf. Section 2.2.3), there is no evidence, nor likelihood, that
the catchment has experienced a change in land use as a result,

Aside from the altitude, wsoil acidity and wetness of the catchment, the
rocky terrain and particularly the oprecipitous back wall are inherently
unimprovable. There is no evidence from documentary sources {(see below),
from air photographs, or on the ground to suggest that the catchment has
ever supported a land use pther than rough moorland grazing.

It is unreasonable to expect any attempt to have been made towards improving
the acid wmoorland with lime, Herioneth is alepst entirely devoid of
limestone deposits and in the 1%th century the high price of imported lime
together with the cost of carriage over poor roads, ensured that it was
rarely used in remoter areas {(Davies 1Bl3}. Contemporary farmers {I,
Edwards, J. Howell, J. Jones pers. comm.} and authorities {(D. Jarrett pers.
comm.! confirm that agricultural lime has not been applied to the catcheent
in living semory.

Documentary evidence {7)

The tithe maps and schedules of Llanddwywe (Llanddeywe-uwch-y-Braig and
Llanddwywe-is-y~Braig? (B8} and Llanelltyd (9} provide somewhat inconclusive
evidence as to the land use of the catchment in the mid-19th century. The
section in Llanddwywe is described as “allotment’ attached to the holding
‘Ty Cerrig’. The notation "pasture’ does not necessarily indicate improved
grazing land {cf. Horgan (959, Kain and Prince 1985}, The section in
Llanelltyd is described as ‘unenclosed sheepwalk’. This suggests that
enclosure occurred after the tithe survey {1841} or, more probably, that the
survey was inaccurate, the information being derived from an earlier aap
{Kain and Prince 1985). :

The first and subsequent sditions of the six inch ordnance survey map of the
area {10} show the catchment to consist of ‘rough or heathy pasture’.

The First Land Utilisation Survey sin inch manuscript map of 1937 {11}
places the entire catchnent in the “moorland/rough grazing’' category, The
Second Land Utilisation Survey six inch manuscript map of 1970 ({12}
indicates a vegetation cover and distribution very similar to the present
situation (Fig. 6},
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Non agricultural land use

Although it lies close to the Cefn Cam slate guarry which functioned in the
19th and early 20th centuries, and north of the Diphwys manganese mines,
there is no evidence from documentary sources or on the ground to suggest
that any mineral was ever ewploited or prospected for within the lake
catchment. - : :

£.2.2 Land management

Pastoralise

Until the mid~19th century black cattle were an important cosponent of the
pastoral economy of north Wales (Roberts 1959, Emery (965, Hughes et al.
1973)., It has been suggested that the nase 'Llyn y Bi’ is derived from ‘Llyn
y Bu’ which is translated 'lake of the cattie’ (J. Howell pers. comm.l.
Boats also ranged the hills in significant numbers {13} (Evans 1812, Roberts
1959, Emery 1965, Hughes et al. 1973), as did young ponies which Merioneth
Wae renowned for rearing and which stayed on the hills year round (Davies
ig13),. However, the central issues of pastoral management in the catchment
concern its utilisation for sheep grazing.

The only guantitative data relating to sheep numbers in the vicinity of Liyn
y Bi arg those of the annual parish agricultural returns  of
Llanddwywe-uwch-y-Braig and Llanelltyd {14}. These were analysed at
guinguennial intervals and are presented in Fig. 30.

Although they represent the source of information most applicable to the
Llyn y Bi catchment, the spatial resplution of these data do not pernmit
catehment-specific assertions to be drawn and their interpretation is
hindered by several other constraints. In particular they take aonly a
limited account of changes in sheep type and no account of changes in
grazing regime (Patrick 1987).

Eheep numbers have fluctuzted between 1B&47-19B3 but the overall trend in
both parishes has been for numbers to fall (Fig. 30}, The inecreasing
significance of ewes and lambs at  the expense of wether sheep over the last
century, is also suggested from Fig., 30.

Within the Llyn y Bi catchment & broad detrease in sheep numbers has been
recognised since ca. (930 (6. Edwards, [. Edwards, J. Howell, D. Jdarrett
pers., toma.},; although the present tenant maintainse a siightly larger flock
{ca. 200} than his predecessor {ca. 140} on the land in and surrounding the
catchment (I, Edwards, J. Howell pers. coas.}.

A change in grazing regime has been apparent through the late 19th and 20th
centuries. The transition ¢rom hardy wethers to ewes and lambs, the
declining viability and eventual abandonment of the higher farms (i35} and
the greater availability of winter grazing on lower land, has resulted in
fewer sheep over-wintering on the high hills and a shortening of the grazing
season at these altitudes (Patrick 1987} {163,

Fig. 30 probably overestimates the grazing intensity in the Llyn y Bi
ratchment. Huch of the catchment is unsuited for sheep grazing. Until the
National Trust purchased the area in ca. 1930 it was managed for grouse not
sheep. The long, rangy Callune of the catchment is indicative of low
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intensity management and grazing pressure. This is particularly apparent
when compared with the two enclosures ismediately to the south of the
catchment. Here the continued maintenante of a higher sheep population and
more regular burning has resulted in vegetation dominated by short Callung
and grassy species.

The Llyn y Bi catchment lies in the Snowdonia HNational Park but has been
owned by the National Trust since c¢a, 1930, The trust negotiate marimunm
stocking levels with their tenant farmers ({7} and reguire to be consulted
over managesent practices such as bhurning.

Burning

When wmanaged primarily for grouse (mid-19th century - ca. 1930} the
catchment was regqularly burnt in small patches (I, Edwards, J. Howell, J.
Jones pers. tomm.), Since that date the 4frequency and extent of burning
declined. Aerial photographs show no evidence of ‘recent” burning in the
catchment in 1944 and 1962 {18)}. A combination of Kational Trust policy, the
provimity of the Rhinog National Nature Reserve immediately to the north and
extensive tracts of forest 2 km. to the south-east and 3 km. to the east,
determine that the catchment is now burnt very infrequently.

Mansgement for game

The moorland in the vicinity of Llyn y Bi was attively managed for game
{primarily grousel through the 1%th and early 20th centuries {J. Aylett, J.
Howell, D. Jarrett pers. coan.). A shooting 'box’ was constructed about 1.5
km. to the south of the Liyn y Bi catchment for the benefit of 'sportsmen’.
SBhooting ceased in the Llyn y Bi catchment when the National Trust purchased
the land surrpounding the lake. Gameheepers teased to patrol the moors in the
area in the 19205 (G, Edwards, J. Howell pers, coms,) since when grouse
numbers have substantially declined.
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5.0 Conclusions

it Sediment accumulation rates a3t the core site appear to have
accelerated above 2.75 cm (ca. 1940}, Before 1940 there appears to have
been a constant accumulation rate of 0.033 g cm—2 yr-2,

ii} Planktonic diatoms were absent $rom the lake and the data suggest a
fairly stable ¢lore of attached circumneutral and acidophilous taxa.
Acidification of Llyn y Bi is marked by the expansion  of
Tabellaria binalis, Navicula subtilissima, N. heimansgii, Eunotia
denticulata & E. alpina. The diatom based pH reconstructions suggest
that the pH of Llyn y Bi wag 5.B - 4.1 throughout nmost of the history
recorded ir the core {(until 4 ca ca. 1903). Above 4 ca pH declines
rapidly, dropping over 1.2 units between 1903 and 1985,

iii}) The core chemistry record demonstrates that trace metal contamination
of the lake sediments began between 7 and B cm {ca. 1B00) with lead followed
by strong contamination by zinc at 4 cm (19031, The low trace metal fluxes
are thought to be the result of low dry mass accumulation rates and hence
reduced sedimentation efficiencies.

iv} The rcontamination of the sediments by carbonacenus particles commences
at 6 cm (ca. 1B40'si. The rapid rise in carbonaceous particles from 4 cm
{1903} is concurrent with lake acidificetion. 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 Gramineae domination to domination by Calluna
at a depth of 10 - 15 cm & century or more before lake acidification began.
A period of catchment erosion is identified by an Iscetes decline from 20
tw to 10 cm and matches a period of increased cation concentrations in the
lake sediments,

vi} HNo land use change has occurred within the  catchment. However, a
cessation of burning has occurred in recent vyears with a concomitant
decrease in sheep numbers and grazing pressure. No liming has taken place
within the catchment.

vii} While the pollen evidence suggests that a vegetation change towards
Calluna heathland took oplace in the local area in the 1Bth and 19th
centuries the timing of the changes and trends of the atmospheric pollution
indicators {trace netals, magnetics, carbonaceous particles). indicate
acid deposition as the tause of acidification. The extent to
which acidification might have been exacerbated by land-use management
prattices cannot be assessed. Woreover, this is the only lake site in
central Wales & north-west Wales where a potentially acidifying land-use
change is indicated.
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8.0 Notes

i. Gee Patrick (i987) for definitions of ‘land use’ and ‘land
managenent’,

2, ADAS =~ Agricultural Development Advisory Service (MAFF). Manuscript
§:25,000 maps accessed at ADAS Aberystwyth.

3. 49 Beo. 3, .46,
4, 50 GBeo. 3, C.56.

5. 0Of the nine Acts of enclosure concerning lands in Herioneth passed
between IBO(-1B50, only six awards are extant (Thomas 1943},

&, UCNW Mostyn Collection B&77. 'Hap and survey of allotsents in the
township of Uwch~Craig and the parish of Llanddwywe. No date.

7. Britiseh Museum Map Library, Ordnance Survey Surveyor's Drawings
sheet 302, drawn 1819, published 1837-1840.

8. See Patrick (1987} with regards to  sources (and  their
interpretation! used in documenting land use and land management change.

. Tithe wmap and schedule for the parish of Llanddwywe. PRO (Keuw) IR
10. Tithe map and schedule for the parish of Llanelltyd. PRO {(Kew) IR

11. First edition surveyed 1887, published 18%0.
Second edition surveyed 1900, published §%0i.
Third edition anmended 1949, published 1%535.
There was np 25 inch survey of this area.

12. Held at the London School of Economice archive.
{3, Held at King's College London Geography Department. Sheet no. 509.

14. A herd of 4eral goats roams the wsoorland of the Rhinog National
Nature Reserve which abuts the Llyn y Bi catchment to the north.

i5. PRO (Kew) Class MAF 68,

i6. Abandoneent of the highest farms in the Llyn-y-Bi region set in
after ca., 1B850.

17. Recently this trend has been partially reversed in the catchment as
the current tenant maintasing his sheep on the hill for a longer period
than his predetessor who generally brought them to lower ground in early
November {(I. Edwards, J. Howell, J. Jones pers. comms.}.

18, Actual numbers of sheep on the catchment are considerably below the
maximum of 500 ewes which the present agreement would permit (J. Aylett,
J. Howell pers. conmns.i.
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19. Air Photograph Office, Welsh Office, Cardiff. 1:10,000,
369 1225, 1226, Hay 4th 1946,
2074: Q083, 00B&. June &th 1942,
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