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Summary

i) Core studies of diatoms, pollen, chemistry, carbonaceous particles and
magnetics together with a 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. 1940). Before 1940 there appears to have
been a constant accumulation rate of 0.033 g cm- 2 yr- 1 •

iiil The diatom based pH reconstructions suggest that the pH of Llyn
was 5.8 - 6.1 throughout most of the history recorded in the
(until 4 cm ca. 19031. Above 4 cm pH declines rapidly, dropping over
units between 1903 and 1985. Acidification of Llyn y 8i is marked
the expansion of Tabellaria binalis, Navicula subtilissima,
heimansii, Eunotia denticulata L E. alpina.

iv) The core chemistry record demonstrates that trace metal contamination
of the lake sediments began between 7 and B cm (ca. 1800) with lead followed
by strong contamination by zinc at 4 cm (19031.

vI The contamination of the sediments by carbonaceous particles commences
at 6 cm (ca. 1840's). The rapid rise in carbonaceous particles from 4 cm
(1903) is concurrent with lake acidification. A similar trend is shown by
the magnetic data.

viI 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 a century or more before lake acidification began.
A period of catchment erosion is identified by an lsoetes decline from 20
cm to 10 cm and matches a period of increased cation concentrations in the
lake sediments.

viiI No land use change has occurred within
the cessation of burning has occurred in recent
decrease in sheep numbers and grazing pressure. No
within the catchment.

the catchment. However,
years with a concomitant

liming has taken place

ix) While the pollen evidence suggests that a vegetation change towards
Calluna heathland took place 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 particlesl. indicate
acid deposition as the cause of acidification. The extent to
which acidification might have been exacerbated by land-use management
practices cannot be assessed. Moreover, this is the only lake site in
central Wales L north-west Wales where a potentially acidifying land-use
change is indicated.
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EKplanation of Abbreviations

ADAS Agricultural and Development Advisory Service.
MAFF Ministry of Agriculture, Fisheries and Food.
NCC Nature Conservancy Council.
NLW National Library of Wales.
PAH Polyaro.atic Hydrocarbons.
PRO Public Record Office.
WWA Welsh Water Authority.
SSSI Site of Special Scientific Interest.
UCNW University College North Wales
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1.0 Introduction

Surface ~ater acidification is recognised as one of the most important
environmental problems in Europe and North America, yet despite the
pioneering work of Gorham on precipitation chemistry in Cumbria (Gorham
19581 the extent of acidification in the UK is still not known. In earlier
papers (Flower and 8attarbee 1983, 8attarbee et ~ 1985, Jones, Stevenson
and BaHarbee 1986, Flower!1. !l... 1987) ~e established that lakes on
granitic rocks in Galloway, 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, occurring 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, Gwynedd (Fig.
1), was the fourth site chosen in Wales. While no site details of acid
deposition exist, records from the nearby monitoring station at Aberyst~yth

reveal that in general the mean pH of precipitation is ca. 4.5 and the
annual wet sulphate loading is 1.2 - 1.6 9 ~-2 yr-' (Figs. 2 & 3). The
catchment is largely undisturbed, comprising upland moorland and rough
grazing for sheep. Sediment cores were abtained in Hay 1985.

Our approach involves the use of diatom analysis to reconstruct past pH
values; 2.0Pb analysis to establish a lake sediment chronology;
geochemical, magnetic and 'soot' analysis to trace the history of
atmospheric contamination; 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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2.0 Site details

2.1 Lake

Llyn y 8i lies at an altitude of 445 m in an area which receives rainfall in
excess of 2000 •• yr-'. The lake is a small, almost circular, upland corrie
lake of 27,0/,3. 2 and a volume of 42,638 m3 • The detailed bathymetry (Fig.
41 reveals that the lake is very shallow with an average depth of 1.58 ••
No inflows exist and the lake is fed chiefly by groundwater and surface
flows. Llyn y 8i is drained by an outflow running eastwards into the Afon
Gamlan north of Dolgellau.

Table I Lake characteristics

Area
Volume

Hu imum depth
Hean depth

Approximate residence time

2.1.1 Water chemistry

270/,3 11 2

42638 11\"

3.0 m
1.58 11

16 days

In common with most of the upland acid lakes examined in this study water
chemistry measurements by the WWA (Table 21 reveal that the lake has a low
mean pH of 4.74 (Fritz et !l.. 1986, Kreiser li !l.. 1986, Stevenson
li!l.. 1987a, Stevenson li!l.. 1987b, Patrick li !l. 19871.

2.1.2 Lake vegetation

On Hay 2nd 1985, major stands of littoral vegetation were mapped from the
shoreline. 15 Ekman grab samples were taken from a boat to determine the
distribution of sublittoral plants.

Along rocky parts of the shore, a rich variety of
abound, while rushes (eg. Juncus acutiflorusf
dominate the peaty stretches. Lobelia dortmanna is
shallow water along the southern shore and there is
Eguisetum fluviatile at the west end of the lake
the rocky eastern end, the lake floor is largely
fluitans. Sphagnum moss was recovered in 4 of
Otherwise, the macrophyte flora is species poor (Table

liverworts and algae
and J.articulatusl

locally frequent in
an extensive stand of
(Fig. 51. Except for
covered with Juncus
the Ekman samples.

3) •

Table 3. Plants growing within Llyn y 8i. Hay 1985.
(A= abundant; If= locally frequent; 0= occasionall r= rare)

Shoreline Littoral zone Sublittoral zone

Leafy liverworts
filamentous algae IIf)
Carex spp. (rl
Juncus acutiflorus (If)
Juncus articulatus (lfl
Henyanthes trifollata (r)

Lobelia dortmanna
Littorella uniflora (r)
Potamogeton natans (01
Equisetum fluviatile (If I
Juncus fluitans (If I

lsoetes lacustris
Juncus fluitans (AI
Sphagnum sp. (a)

fNomenclature follows Tutin et al. 1964-1980.



able 2: Lake ~ater th••istry results for Llyn y Bi.

Date pH Total Total Chloride
O,idised Alkalinity Silitate Sulphate SodiuI
Nitrogen

Ig 1-'

2BI031S4 4.B 0.12 1.0 12.0 0.B98 5.0 5.5
13106184 4.6 0.04 1.0 1l.0 0.107 7.0 5.5
08108184 4.3 O.ll 1.0 1l.0 0.641 5.0 5.2
10110184 4.7 0.15 3.0 8.0 0.856 5.0 4.8
10112184 5.3 0.20 1.0 6.5 1.7l! 5.0 4.3
05102185 0.70 2.B 9.4 0.200 4.84
23104186 5.1 0.33 2.3 10.0 0.710 4.3
02l121B6 4.9 0.15 0.9 7.0 0.800 3.23 4.0

Ilate PotassiuI Caltiul "agnesiuI Zint Copper Lead "anganese Iron
Ig 1-'

28103184 1.0 1.23 1.02 0.01l 0.005 0.01 0.07 0.02
13106184 1.0 1.43 0.89 0.013 0.005 0.01 O.ll 0.03
08108184 1.0 1.36 0.64 0.013 0.005 0.10 0.04
10110184 1.0 0.99 0.73 0.015 0.005 0.06 0.03
10112184 1.0 0.99 0.019 0.005 0.05 0.02
05102185 1.0 0.130
23104186 0.4 0.70 0.84 0.027 0.005 0.05 0.04
02112186 0.5 0.77 0.59 0.006 0.04 0.01

Condutt!vitr Aluliniul
115 CI- J Ig 1-'

23104186 0.190
02112186 43 0.149
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2.1.3 Fishing history

The contemporary fishery status of llyn y Ei is uncertain. The lake is
privately owned and only irregularly fished by anglers. It was reputed to
contain arctic char and good stocks of heavy trout, but a WWA survey in 1985
.. as unable to verify this (N. Milner pers. comm.l. Two local communicants
suggest that the lake is now virtually fishless (B. Edwards, J. Jones pers.
comm.l.

Cliffe (1860) reported
appearance and quality
caught. Paradoxically
spoiled for the angler

that the trout in llyn y
and that specimens in
the fishing at that

by poachers using 'otter

Ei were superb fish, both in
excess of 5 Ibs had been
time .. as 50 good that it "as
boards' •

Ward (1931) aHirmed the presence of 'fine' trout and char In the lake.

The ruins of a boat house may still be seen on
lake. The date of this construction is unknown,
that in a former era the lake supported a viable

2.2 Catchment

the north-east shore of the
but its presence suggests

fishery.

Uyn y Si has a large catchment, 477,116 m2 , and has a large
catchmentllake ratio (16.61.

Tab 1e 4 Catchment characteristics

Total catchment area
Area of land in catchment

Area of 1ake
Catchment/lake ratio

Maximum relief

2.2.1 Geology

477116 m2

450053 m'
27063 m'

16.6
120 m

The solid geology of llyn y Si consists of Cambrian, coarse grained/pebbly
greywackes of the Rhinog formation of the Harlech grits group (AlIen &
Jackson 1985). The drift geology is restricted to areas of scree beneath
the corrie backwall and a small area of overlying boulder clay to the
south-south-east.

Acid, humic rankers belonging to the Revidge Association (311a) dominate the
catchment soils (Rudeforth tl.!l.. 1984).

2.2.3 Present Vegetation

T~e corrie backwall is dominated by bare rock, Vaccinium and small amounts
of Calluna vulgaris. The remainder of the gentler slopes are covered in
extensive, mature Calluna vulgaris communities with the underlying bare
rock occasionally exposed (Fig. 61. Small amounts of Eriophorum
vaginatum and Calluna vulgaris occur in the wetter areas around the
outflow.
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3.0 Methods

3. l. l. Sur veri n9

The lake was surveyed using the techniques described in Stevenson ~ !L.
(19871. Shore surveying stations were located on opposite shores.

3.1.2. Collection of sediment cores and routine laboratory
measurements of sediment characteristics

Cores were taken
mini-raft supported
during Hay 1985.

using a
by two

modified Livingstone
inflatable boats.

corer operated from a
Sampling was carried out

Core Llyn y Si 2 (65 eel was extruded in the laboratory and the top 20 cm
sliced into 1/2cm slices. The remaInIng sediment was sliced at lee
intervals. The sediment was subsequently sub-sampled for dry weight, loss
on ignition (at 550 c Cl and wet density .uasurements.

Analyses for dating, magnetics,
all conducted according to the
~ !L. (19871.

chemistry, soot, diatoms L pollen were
standard methods set out in Stevenson
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4.0 Results

4.1 lake history

4.1.1. 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
occasional black iron concretions (ld'4). The organic content of the
sediment throughout this section is extemely low (approx. 8~1 with high wet
density and dry weight. A general trend to higher loss on ignition and
lower dry weight and wet density values is observed throughout the section.
From 26 - 17 cm 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 5
cm the sediment undergoes a more marked change as loss on ignition values
rise appreciably and wet density and dry weight values fall. The topmost
section of the core consists of a dark brown organic 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. 210Pb dating

Sediments from core VBI 2 were analysed for 21oPb, 22·Ra and '37CS by gamma
spectrometry (Appleby ~!t. 1986). The 210Pb and 22·Ra results are given
in Table 5 and shown graphically in Figs. 8 ~ 9. The 137CS results are
given in Table 6 and Fig. 10. Table 7 gives values of a range of other
radioisotopes determined from the gamma spectra. The 2,oPb inventory of the
core is 5.55pCi cm- 2 , and represents a mean 210Pb flux of 0.17 pCi cm- 2
yr- 1• This is comparable with the value for the adjacent llyn Dulyn
(Stevenson ~!t. 1987b).

The reduced slope of the 210Pb profile above 2.75 cm appears to be
associated with an acceleration in the rate of sedimentation. The well
defined '37CS peak at 1.25 cm would appear to preclude mixing. Fig. 11
shows the 210Pb chronologies for core VBl 2, given by the CRS and CIC 2'OPb
dating models (Appleby and Oldfield 19781. If the 137CS peak is associated
with the peak 137CS 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 CRS model, which puts 1963 at a depth of 1.5 cm. The
CIC model on the other hand gives much younger dates, and puts 1963 at 3 cm.
In view of the reasonable 210Pb flux and the consistency with the 137CS
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 137CS
concentrations down to the 21°Pb eqUilibrium depth, indicating significant
downwards diffusion.

The CRS model dates the acceleration in accumulation rate to some time
between 1940 and 1970. Before 1940 there appears to have been a constant
sedimentation rate of 0.033 g cm-2 yr- 1 • The 210Pb profile (Fig. 8) shows
reduced 22·Ra concentrations between 4.75 cm and 2.75 cm, i.e. between 1880
and 1940. The decline at 4.75 Cm is also marked by a decline in the 4°K
concentration (Table 71, and may indicate a change in sediment type. The
values of the other radioisotopes are too low to give a consistent pattern.
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Table 5. 210Eb I1a:ta .fur ram Y.Bl2

Depth Dry Mass 210
Pb Concentration 22"Ra

Total Unsupp. Concentration
-2 pCi g-1 :!: pC' -1 + pCi g-1 :!:em gem ~ g -

0.25 0.0137 21.15 1.20 21.15 1.20 0.00 0.00
1.25 0.0903 21.34 1.28 20.40 1.33 0.94 0.36
2.75 0.2096 14.16 0.66 13.73 0.68 0.43 0.16
3.75 0.2994 5.17 0.57 4.81 0.59 0.36 0.17
4.75 0.4075 2.02 0.40 1.65 0.42 0.37 0.13
5.75 0.5303 1.13 0.16 0.46 0.17 0.67 0.06
6.75 0.6600 1.35 0.37 0.23 0.40 1.13 CI.16
7.75 0.7877 0.66 0.28 -0.48 0.30 1.14 0.12

Table 6. "'Cs data for Core YB12

Depth Dry Hass "'Cs concentration CUlulative "'Cs Fract
Cl ~ CI-2 pCi g-' +{- pCi CI-2 +/-

0.25 0.0137 4.77 0.40 0.07 0.01 0.046
1.25 0.0903 5.51 0.44 0.46 0.03 0.321
2.75 0.2096 2.96 0.21 0.95 0.06 0.662
3.75 0.2994 1.98 0.21 1.17 0.06 0.817
4.75 0.4075 0.79 0.14 1.31 0.07 0.914
5.75 0.5303 0.36 0.05 1.37 0.07 0.961
6.75 0.6600 0.21 0.12 1.41 0.07 0.987
7.75 0.7877 0.10 0.09 1.43 0.07 1.000

Table 7. Other radioisotope data for Core YBI2.

Depth 22'6Ra 2:sDU 2315U %2BAc: ""Th .OK
ca pCi g"

0.25 0.00 0.00 0.00 2.42 0.00 4.90
1.25 D.94 D.91 0.00 0.89 0.45 3.45
2.75 0.43 0.00 0.17 0.93 0.22 2.68
3.75 0.36 0.56 0.05 0.54 0.00 5.n
4.75 0.37 0.00 0.21 0.49 0.20 9.34
5.75 0.67 0.43 0.15 0.50 0.33 11.11
6.75 1.13 0.00 0.22 0.46 0.00 10.93
7.75 1.14 0.68 0.18 0.36 0.30 16.67
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Table 8. CRS Kodel 210Pb chronology

Depth Dry Kass CUIU\' Unsupp. Chronology Sedilentation Rate
2l0Pb Date Age Std. Std.

Error
Cl 9 CI-2 pCI CI-2 AD Yr Error 9 CI-2 Cl yr-' 1

0.00 0.0000 5.55 19B5 0
0.50 0.0329 4.71 19BO 5 2 0.0067 0.091 6.2
1.00 0.0711 3.87 1973 12 2 0.0056 0.073 6.1
1.50 0.1102 3.00 1965 20 2 0.0047 0.059 6.3
2.00 0.1499 2.19 1955 30 2 0.0040 0.049 6.8
2.50 0.IB97 1.60 1945 40 2 0.0033 6:olo 7.4
3.00 0.2320 1.09 1933 52 3 0.0030 0.035 9.0
3.50 0.2769 0.69 191B 67 4 0.0032 0.034 11.9
4.00 0.3264 0.43 1903 B2 5 0.0034 0.033 15.7
4.50 0.3B05 0.26 1887 98 7 0.0035 0.031 20.5
5.00 0.4382 0.15 IB69 116 10 0.0035 0.030 25.2
5.50 0.4996 0.09 1851 134 15 0.0035 0.028 30.0

2l0Pb Flux = 0.17 +/- 0.01 pCi CI-2
901 Equilibriul Depth = 3.7cI. or 0.30 g CI-2
991 Equllibrlul Depth = 5.9cI. or 0.55 g CI-2
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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 6 cm
includes the 21oPb-dated portion of the core. Fig. 12 is a summary
diagram of the relative abundance of major taxa in the Llyn y 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 cm the flora is dominated by the circumneutral and acidophilous taxa
Achnanthes minutissima, Anomoeoneis vitrea, Fragilaria virescens and Eunotia
veneris. Other Common taxa include Cymbella gaeumannii, Cymbella gracilis,
Eunotia pectinalis var. minor, Frustulia rhomboides var. saxonica, Navicula
mediocris, Peronia fibula and Tabellarla flocculosa. This assemblage is
somewhat similar to the early floras of the nearby Llyn Dulyn (Stevenson tt
!l. 19B7b), excepting significant percentages of acidophilous Helosira
species in Llyn Dulyn, and of Llyn Gynon (Shvenson tt!l. 1987a), which has
higher percentages of the alkaliphilous Fragllaria construens var. pumlla.
The absence of planktonic species suggests that Llyn y 8i has been
moderately acidic throughout the period represented by these sediments.

The first floristic changes occur in the Llyn y 81 core at 5 cm (ca. 18691
with the expansion of Navicula madumensls and subsequently Navicula
bremensis and the initial decline of Achnanthes minutissima. Hore
dramatic floristic changes begin above 4 cm (1903), with the expansion of
the acidobiqntic taxa Tabellaria binalis and Navicula subtilissima,
the acidophilous taxa Navicula heimansii, Eunotia denticulata and
Eunotia alpina, as well as the pH-undesignated Navicula tenuicephala
and Cymbella borealis. Several circumneutral taxa including
Anomoeoneis vitrea, Cymbella gracilis and Fragilaria virescens
decline concurrently. The progressive expansion of Tabellaria binalis
and decline of Achnanthes minutlssima, Fragilaria virescens and
Anomoeoneis vitrea is similar to the pattern seen in the uppermost
sedimenh of several Galloway lochs (Flower tt !l. 19871 and clearly
indicates a progressive decline in lake pH. Llyn y Bi Is the only Welsh
where Tabellaria binalis has been found, and in contrast to several
of the other acidified Welsh sites, Tabellaria guadriseptata is rare.
Percentages of Tabellaria binalis are considerably higher in the
uppermost 2 cm of Llyn y Bi than in any Galloway sites, where relative
abundances do not exceed 10%.

pH reconstructions for llyn y Bi (Fig. 12) using index B-Galloway, index
B-Scandinavia, and multiple regression of pH groups (Flower 19B6) all
suggest a stable pH of 5.B - 6.1 below 4 cm (1903). Above 4 cm pH declines
rapidly, dropping over 1.2 units between 1903 and 1985. The initial pH
decline at Llyn y Bi is approximately synchronous with that at nearby llyn
Dulyn (Shvenson tt!l. 1987b) and at Llyn Hir (Frltz tt!l. 1986), although
at Llyn Hir the pH decline is less rapid early in the 20th century and then
accelerates in the 1940·s.

The pH reconstruction using multiple regression of pH categories accurately
predicts the mean lakewater pH at the sediment surface. pH reconstruction
models using index B, however, predict a surface pH considerably lower (3.7
- 3.8) than the actual lakewater pH. This large discrepancy in measured vs
predicted pH is somewhat difficult to explain. It is clear that the pH
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reconstructions are being driven by the tremendous representation of the
acidobiontic Tabellaria binalis whose relative abundance in Llyn y Si
greatly exceeds that in any of the Scandinavian or Galloway sites used to
construct the indices. We are presently developing a calibration data set
for pH reconstruction (see Flower 1986) using surface samples from Welsh
lakes (including Llyn y 8i). 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 il. 1986). Nonetheless the agreement of the three extant
models in reconstructing pre-20th century pH values of Llyn 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 magnitude of
20th-century pH change is indeed considerable. Subsequent pH models using a
Welsh data set will hopefully allow an accurate modelling of the true
magnitude and rate of the 20th century pH decline.

4.1.4. Sediment chemistry

Maior 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 5 and 18 cm) while the loss on ignition
generally increases (with minor peaks also at 5 and 18 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 8.25 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 cation concentration are not due to changes in the organic
content of the sediment. This is also supported by the similar shape of the
cation 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 L Wright 1984,
pp27-34, Hackereth 1966). The changes are before the dated part of the
core but the higher concentrations between 5 and 15 cm coincide with pollen
evidence (4.1.7) for a period of higher erosion of material from the
catchment.

The calcium concentration is fairly constant and its behaviour is dissimilar
to the other cations.

Trace metals

Even though the concentrations of magnesium, sodium and potassium all drop
in the upper 8 cm of sediment the concentrations of zinc, lead and copper
increase (Figs. 15 L 16) The increases in lead and zinc are large. The
lead concentration increases above 8 cm, zinc above 4 cm (with a large
subsiduary peak at 15 cm) and copper above 5 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 gramme
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 cml with zinc and around 1800 (8 cml with lUdo
This contamination, like in all the Welsh lakes 50 far studied, is from the
atmosphere (Fritz !Lt !L. 1986, Kreiser !Lt !L. 1986, Stevenson !Lt
!L 1987a, Stevenson et !L 1986bl. Wastewater sources in this remote
lake are very unlikely.

The trace metal (and cation) f1uxes in L1yn y Bi (Fig. 181 are low compared
to the Galloway lakes (Battarbee!Lt!L. 19851 and the other lakes in
central Wales (Stevenson et!L 1987a). They are, however, similar to
all but one of the lakes in north-west Wales. The low trace metal fluy.es in
Llyn y Bi and those other Welsh lakes are in sediments with low dry mass
accumulation rates. It is probable that the low sedimentary fluy.es are
because of reduced trace metal sedimentation efficiencies due to low dry
mass accumulation rates or short residence times.

Sulphur

The sulphur profile is shown along with lass an ignition in Fig. 19. At
first glance the sulphur profile follows that of the loss 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 associated with the land-use
changes which give rise to the loss on ignition and major cation variations
around this depth. Above 5 cm the rapid rise in concentration may be due to
contamination from the atmosphere. SUlphur, unlike the major cations and
the trace metals, is involved in (microlbiological 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 sa the net
sedimentary concentrations. Without same information about the sulphur
cycle in a lake it is difficult to evaluate its influence on the sulphur
prof il es.

4.1.5. Carbonaceous particles

The carbonaceous particle pattern far Llyn y Bi, illustrating the number of
particles per gram dry sediment is given in Fig. 20 &Table ~. It shows
the presence of particles in small numbers at a depth of 6 -7 cm. The onset
of a trend of rapidly increasing counts commences at 5 cm (ca. 1869),
continuing to the surface.

The pattern far the carbonaceous particle count in terms of the organic
content of dry sediment is given in Fig. 21. Carbonaceous particle patterns
in terms of the organic fraction of sediment (using LOI) may be considered
to be mare precise as the supply of organic material to the sediment tends
to be mare uniforB over tillle than the input of mineral matter which can vary
widely. Using LOI as a base has the effect of 'smoothing' the soot pattern,
and this can be observed for Llyn y Bi. Otherwise, the pattern is very
similar to that in Fig. 20.

4.1.6. Magnetic Measurements

Sediments from LIyn y Bi 2 were packed into previously screened styrene pots
and subject to the follOWing sequence of magnetic measurementsl-
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Tab le "I: Carbonaceous particle analysis for Ll yn y Si 2

No. Carbonacllous
ParU chs

Depth per 9 per 9
dry sed organic

(cm) x 10'" content
x 10'"

0.5 - 1.0 20.58 75.5
1.5 - 2.0 14.86 52.3
2.5 - 3.0 9.28 29. I
3.5 - 4.0 3.88 15.8
4.5 - 5.0 2.20 12.1
5.5 - 6.0 0.52 4.0
6.5 - 7.0 0.15 0.9
7.5 - 8.0 0.00 0.0
8.5 - 9.0 0.38 2. I
9.5 - 10.0 0.15 0.8
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1. Anhysteritic Remanent Hagnetization (ARH) using a Holspin AF
Demagnetizer set with a peak AF field of 100mT and a DC bias of 0.04mT.

2. 'Saturation' Isothermal Remanent Magnetization {SIRHI using a Holspin
Pulse Hagnetizer with a maximum DC field of 850mT.

3. Isothermal
reverse field DC
samples from 0 -

Remanence (IRHI
demagnetization
30 cm.

measured at each step in
at -20mT, -40mT, 100mT

a sequence of
and -300mT for

All remanences
Hagnetometer.
small sample
unsuitable.

were measured on a Hinispin Slow-speed spinner Fluxgate
Susceptibilities were not measured as the combination of

size and relatively weak magnetization made the samples

Fig. 22 plots the magnetic measurements for this core. The right hand graph
shows reverse field ratios (IRH-n/SIRH) plotted against a horizontal scale
of percentage reverse-saturation. Thus 50 represents the point during DC
demagnetization at which IRH is zero and 100 represents the point at which
IRH/SIRH is -I. Fig. 23 plots SIRH-IRH-20MT as a mass specific remanence
versus depth. This is the best available (albeit imperfect) estimate of the
changing concentration of multi domain 'magnetite' in the core. Our
unpublished evidence indicates that this is often the best single 'magnetic'
indicator of recent anthropogenically derived atmospheric deposition. Fig.
24 plots SIRH + IRH-300MT also as a mass specific remanence versus depth.
This is the best available estimate of the changing concentration of
'haematite' in the core.

80th SIRH and SIRH- 20MT increase steeply above 7.5 cm. The SIRH values
below that depth down to 22 cm range between 250 and 700 x 10 -6 Am 2 kg-',
some 5 to 10 times the values found in most pre-industrial ombrotrophic
peats. 8elow 22 cm there are major shifts in both SIRH and ARH with peak
values exceeding those in the top 5 cm of the core. These lower variations
are probably attributable to changes in allochthonous, catchment derived
sediment input. Extrapolation downwards of the roughly constant 2,opb
derived sedimentation rates found below ca. 4 cm suggests that the period of
low magnetic concentration begins in the 14th century A.D. The first
increase in magnetic concentrations at 7.5 cm dates to the late 18th century
and the main increase at 4 cm dates from ca. 1880 A.D.

In view of the extremely low values of ARH between 11.5 cm and 22 cm, cross
plots have been compiled only for samples above 11.5 cm and detailed
interpretation is restricted to this uppermost part of the core. Values for
'hard' lRH ( SlRH + IRH-30oMT) are so low below 4.5 cm that this parameter
has not been used in cross plots.

'Soft' IRH values increase in two steps at 7.5 cm and 4.5 Cm (Fig. 23) and
'hard' IRH values in a single step at 4.5 cm {Fig. 241. 80th on a mass
specific and a normalized basis, soft IRH:ARH ratios differentiate the same
sample groups below 7.5 cm, from 7.5 - 4.5 cm and above 4.5 cm, into more or
less discrete envelopes of values (Figs 25 L 26). The magnetic accumulation
rates shown in Fig. 27 show an increase in both 'soft' and total IRH
accumulation from the late-19th century onwards, with peak deposition since
1965. The peak rates are ca. 4 times those recorded for the mid-19th
century. The calculated accumulation rates parallel and are comparable in
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quantitative terms to those calculat@d for nearby Llyn Dulyn (Stevenson ~
~. 1987b). All the magnetic properties of the most recent samples are
compatibl@ with atmospheric sourc@s.

4.1.7. Pollen

Figs. 28 ~ 29 present summary pollen diagrams
Appendix 8 contains the full pollen diagram. Th@
been zoned b@caus@ of their short depth.

of the Llyn y 8i core.
pollen diagrams have not

Th@ pollen diagram for Llyn y 8i 2 has been truncated because of the
extremely low pollen concentrations found in the s@dim@nts below 36 cm.
Above this depth the core presents a picture of an open moorland dominated
by Calluna and Sramineae. The pine Increase at the top of the core along
with a Plc@a Increase reflects the extensive planting of the Coed y 8renln
forest lying some 2 km to the east.

The catchment vegetation while now dominated by Calluna vulgaris and
reflected in the very high Calluna pollen values has In the past been
dominated mainly by Sramineae and Sphagnum. The change from this wetter
type of moorland community to a drier Calluna dominated system is
probably associated with the changing land use and management pattern
(4.2.1). It is interesting to note that this is the only lake catchment
within the Welsh and Scottish sites studied so far where a potentially
acidifying land-use change can be identified (cf. Rosenqvist 1980, Krug ~

Frink 1983).

A marked erosion feature in the sediments is indicated by the dramatic
collapse in Isoetes values at 12 ~ 8 cm followed by a 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).

4.2 Land use and Management {I}

4.2.1 Land use

At over 400 m on acidic soils the Llyn y 8i catchment consists of unimproved
enclosed moorland utilised for rough grazing. In terms of its ~egetational
composition (see Section 2.2.3) it may be categorised as 'shrubby heath'
(eg. King 1977, 8all ~~. 19821.

In terms of the AD AS {2}
comprises land of category
value' CMAFF 1980).

land capability classification the catchment
H4 - 'generally not improvable and of low grazing

The Llyn y Bi catchment comprises the northernmost of four adjacent blocks
of land enclosed by dry stone walls. The date of enclosure is uncertain. 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.l. This was
the high period of moorland enclosure in Wales coinciding with the
stimulated agricultural economy of the Napoleonic wars l80wen 1914, Dodd
1927, Morgan 1959, Thomas 1965).

Whether the enclosure was accomplished by a private or (If after 1801) a

J
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parliamentary Act, or whether it represented an unauthorised encroachment by
the estate (the Dolmelynllyn 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-Sraig and Llan@lltyd. Some land in Llanelltyd was
enclosed in 1809 (31 and some in Llanddwywe in 1810 (41 (Bowen 19141,
Precise details of the area(s) involved ar@ not known (51. A 19th century
map and survey describe the 'allotments' in question but are undated (bl.
Ordnance Survey surveyor's drawings made in 1819 (71 give no indication of
any enclosure around Llyn y Bi, but the accuracy of these plans is
uncertain.

Enclosure in the vicinity of Llyn y Si probably represented a 'land grab' by
the estate and not an attempt to actively improve the rough moorland grazing
(cf. Morgan 1959, Thomas 19b5, Dodd 19b81. Although enclosure inevitably
affected the management of the land and possibly its v@getational
composition (cf. Section 2.2.31, there is no evidence, nor likelihood, that
the catchment has experienced a change in land use as a result.

Aside from the altitude, soil acidity and wetness of the
rocky terrain and particularly the precipitous back wall
unimprovable. There is no evidence from documentary sources
from air photographs, or on the ground to suggest that the
ever supported a land use other than rough moorland grazing.

It is unreasonable to expect any attempt to have been made towards improving
the acid moorland with lime. Merioneth is almost entirely devoid of
limestone deposits and in the 19th 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 18131. Contemporary farmers (I,
Edwards, J. Howell, J. Jones pers. comm.1 and authorities (D. Jarrett pers.
comm.l confirm that agricUltural lime has not been applied to the catchment
in living memory.

Documentary evidence (71

The tithe maps and sch@dules of Llanddwywe (LlanddwVwe-uwch-y-Graig and
Llanddwywe-is-y-Sraigl (81 and Llanelltyd (91 provide somewhat inconclusive
evidence as to the land use of the catchment in the mid-19th c@ntury. The
section in Llanddwyw@ is described as 'allotm@nt' attached to the holding
'Ty C@rrig'. The notation 'pasture' does not nec@ssarily indicate improved
grazing land (cf. Morgan 1959, Kain and Princ@ 1985). The s@ction in
Llanelltyd is described as 'un@nclosed sheepwalk'. This suggests that
enclosure occurr@d after the tithe survey (18411 or, more probably, that the
survey was inaccurate, the information being derived from an earlier map
(Kain and Prince 19851.

The first and subsequent editions of the six inch ordnance survey map of the
area (IO) show the catchment to consist of 'rough or heathy pasture'.

The First land Utilisation Survey SiK inch manuscript map of 1937 (Ill
places the entire catchment in the 'moorland/rough grazing' category. The
Second Land Utilisation Survey six inch manuscript map of 1970 (121
indicates a vegetation cover and distribution very similar to the present
situation (Fig. bl.
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Non agricUltural land use

Although it lies close to the Cefn Cam slate quarry 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 exploited or prospected for within the lake
catchment.

4.2.2 Land management

Pastoral i SI

Until the mid-19th century black cattle were an important component of the
pastoral economy of north Wales (Roberts 1959, Emery 1965, Hughes ~!t.

1973). It has been suggested that the nille 'Uyn y Si' is derived from 'Uyn
y Su' "hlch is translated 'lake of the cattle' (J. Howell pers. comm,l.
Goats also ranged the hills In significant numbers {131 (Evans 1812, Roberts
1959, Emery 1965, Hughes ~!t. 1973), as did young ponies which Merloneth
was reno"ned for rearing and "hi ch stayed on the hills year round (Davies
1813). However, the central issues of pastoral management In the catchment
concern its utilisation for sheep grazing.

The only quantitative data relating to sheep numners in the vicinity of Llyn
y Si are those of the annual parish agricultural returns of
Llandd"ywe-uwch-y-Graig and Llanelltyd {141. These were analysed at
quinquennial intervals and are presented in Fig. 30.

Although they represent the source of information most applicable to the
Llyn y Si catchment, the spatial resolution 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 account of changes in
grazing regime (Patrick 1987).

Sheep numbers have fluctuated between 1867-1983 but the overall trend in
both parishes has been for numbers to fall (Fig. 301. The increasing
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 Si catchment a broad decrease in sheep numbers has been
recognised since ca. 1930 (G. Edwards, I. Edwards, J. Howell, D. Jarrett
pers. comm.), although the present tenant maintains a slightly larger flock
(ca. 200) than his predecessor (ca. 140) on the land in and surrounding the
catchment 11. Edwards, J. Howell pers. comm.).

A change in grazing regime has been apparent through the late 19th and 20th
centuries. The transition from hardy wethers to ewes and lambs, the
declining viability and eventual abandonment of the higher farms 1151 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) <l6L

Fig. 30 probably overestimates the grazing intensity in the Llyn y 8i
catchment. Much 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 Calluna 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 immediately to the south of the
catchment. Here the continued maintenance of a higher sheep population and
more regular burning has resulted in vegetation dominated by short Calluna
and grassy species.

The Llyn y 8i catchment lies in the Snowdonia
owned by the National Trust since ca. 1930.
stocking levels with their tenant farmers {171
over management practices such as burning.

Burning

National
The trust

and require

Park but has been
negotiate ma~imum

to be consulted

When managed primarily for grouse (mid-19th century ca. 1930) the
catchment was regularly burnt in small patches (t. Edwards, J. Howell, J.
Jones pers. comm.l. Since that date the frequency and e~tent of burning
declined. Aerial photographs show no evidence of ·recent· burning in the
catchment in 1946 and 1962 {ISl. A combination of National Trust policy, the
proximity of the Rhinog National Nature Reserve immediately to the north and
e~tensive tracts of forest 2 km. to the south-east and 3 km. to the east,
determine that the catchment is now burnt very infrequently.

Management for game

The moorland in the vicinity of Llyn y 8i was actively managed for game
(primarily grouse) through the 19th and early 20th centuries (J. Aylett, J.
Howell, D. Jarrett pers. comm.l. A shooting 'bo~' was constructed about 1.5
km. to the south of the Llyn y 8i catchment for the benefit of 'sportsmen'.
Shooting ceased in the Llyn y Si catchment when the National Trust purchased
the land surrounding the lake. Gamekeepers ceased to patrol the moors in the
area in the 19205 (G. Edwards, J. Howell pers. comm.) since when grouse
numbers have SUbstantially declined.
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5.0 Conclusions

il Sediment accumulation rates at the core site appear to have
accelerated above 2.75 cm (ca. 19401. Before 1940 there appears to have
been a constant accumulation rate of 0.033 g cm- 2 yr-'.

iil Planktonic diatoms ~ere absent from the lake and the data suggest a
fairly stable flora of attached circumneutral and acidophilous taxa.
Acidification of Llyn y Bi is marked by the expansion of
Tabellaria binalis, Navicula subtilissima, N. heimansii, Eunotia
denticulata ~ E. alpina. The diatom based pH reconstructions suggest
that the pH of Llyn y Bi was 5.8 - 6.1 throughout most of the history
recorded in the core (until 4 cm ca. 19031. Above 4 cm pH declines
rapidly, dropping over 1.2 units between 1903 and 1985.

iiil The core chemistry record demonstrates that trace metal contamination
of the lake sediments began between 7 and 8 cm (ca. 18001 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.

Ivl The contamination of the sediments by carbonaceous particles commences
at 6 cm (ca. 1840·sl. The rapid rise in carbonaceous particles from 4 cm
(19031 is concurrent with lake acidification. A similar trend is shown by
the magnetic data.

vI 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 a century or more before lake acidification began.
A period of catchment erosion is identified by an Isoetes decline from 20
cm to 10 cm and matches a period of increased cation concentrations in the
lake sediments.

viI No land use change has occurred within the catchment. However, a
cessation of burning has occurred in recent years ~ith a concomitant
decrease in sheep numbers and grazing pressure. No liming has taken place
within the catchment.

viiI While the pollen evidence suggests that a vegetation change towards
Calluna heathland took place 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 particlesl. indicate
acid deposition as the cause of acidification. The extent to
~hich acidification might have been exacerbated by land-use management
practices cannot be assessed. Moreover, 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

1. See Patrick (19871 for definitions of 'land use' and 'land
management' •

2. AD AS - Agricultural Development Advisory Service (HAFFl. Hanuscript
1:25,000 maps accessed at ADAS Aberystwyth.

3. 49 Beo. 3, C.66.

4. 50 Beo. 3, C.56.

5. Of the nine Acts of enclosure concerning lands in Herioneth passed
between 1801-1850, only six awards are extant (Thomas 19651.

6. UCNW Mostyn Collection 8677. 'Map and survey of allotments in the
township of Uwch-Craig and the parish of Llanddwywe. No date.

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

8. See Patrick (1987) with regards to sources (and their
interpretationl used in documenting land use and land management change.

9. Tithe map and schedule for the parish of Llanddwywe. PRO (Kewl IR

10. Tithe map and schedule for the parish of Llanelltyd. PRO (Kewl IR

11. First edition surveyed 1887, published 1890.
Second edition surveyed 1900, published 1901.
Third edition ammended 1949, pUblished 1953.
There was no 25 inch survey of this area.

12. Held at the London School of Economics archive.

13. Held at King's College London Geography Department. Sheet no. 509.

14. A herd of feral goats roams the moorland of the Rhinog National
Nature Reserve which abuts the Llyn y 8i catchment to the north.

15. PRO (Kew) Class HAF 68.

16. Abandonment of the highest farms in the Llyn-y-Si region set in
after 'ca. 1850.

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

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. comms.).
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19. Air Photograph Office, Welsh Office, Cardiff. 1:10,000.
369: 1225, 1226. May 4th 1946.
2074: 0085, 0086. June 6th 1962.
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