





SUMMARY

1. Sediment distribution in Loch Fleet is more complex in space
and time than at other Galloway sites.

?. Despite these complexities 1t has been possible to identify a
mastercore (LF L3} by use of a multi-coring strategy. Although
varicous analyses suggest thait this core has a hiatus between c.
5000 yres BP and about 1800 AD, it has a conformable segquence
ogver about the last 200 years. This pericod has been successfully
dated using Z10-Fb. '

X, The diatom assemblage is remarkably constant until 1960 and
iz similar to that at other pre—acidification Galloway sites. The
ilake had a plankion flora dominated by Cyclotella kutzingiana,
and this together with other circumneutral taxa results in a
reconstructed pH of S5.8-6.0 until about 19460 when part of the
catchment WRES atforested. There is no tendency towards
acidification at Loch Fleet during this period, unlike other
Galloway sites, despite the probable increase in acid locading
that took place through the 19th and 20th centuries. The
implication of this is that there must be one or a number of
sources of alkalinity in the Loch Fleet catchment that do not
ocour or are not as important at other sites.

4, The ploughing of the catchment prior to afforestation, and
the associated inwash of peats led to the rapid decline of the

planktonic diatom Cyclotella kutringiana. There was a small
drop in the inferred pH value at this time, but this could be an
artefact if the Cvclotella decline was duse +to habitat

disturbance from peat inwash rather than to acidification. Since
non-planktonic circumneutral taxa do not decline at this time it
is probable that the ploughing and early stages of forest growth
cauged little change in water ouality.

S. A very sudden and acute acidification of the lake occurred
from abput 19785-4. The diatom changes that ftook place are
identical fo those observed at other sites aover much longer time
periods. Typically Gnonosonei s vitrea and fAchnanthes
minutissima decline and EBunotia veneris increases, and then
A% the lake permansntly loses its alkalinity, Tabellaria
guadriseptata, T.binalis and other acidiobiontic taxa
takeover. In Loch Fleet this seguence iz compressed into a 10-15
year period and 1is more reminiscent of the rapid changess that
have taken place in Sweden and Finland than in Galioway. It is
even more remarkable that it occurs at & fime when acid
deposition is decreasing. .

S. 1t iz clear from these data that the initial fish decline of
the mid-i950's predates any acidification of the lake. However,
the second decline coincides with the start of the inwash in c.
1961-62 and the loss of fish coincides with the mid 1970's
acidification.

7. Despite increased atmospheric loadings no acidification of
Loch Fleet took place until at least 1960, Acute acidification of
approaximately 1 pH unit from about 5.6 to 4.6 occurred in the mid
to late~1970's, at a time when smissions were declining bubt when
the farest canopy was beginning clozse. It is known that maturing



Sitka spruce stands, both at this site and elsewhere, can result
im the further acidification of throughftlow and stemflow. If the
neutralising capacity of the underlying soils is low this acidity
will be passed on to the swface waters. It is necessary to
conclude that the increased acidification associated with forest
growth was sufficient to exceed the neutralising capacity of
the catehment and cause the rapld acidification of the lake,

8. We alsoc observed that the peat inwash from catchment
ploughing caused very organic peaty sediment to accumulate over
areas of the lake bottom that were previocusly covered by
late—glacial silts and clays. This development may have reduced
the internal neutralising capacity of the lake and contributed to
the acidification described above. It is possible to calculate
the area of lake bed covered in this way, but so far we have made
na effort to do so since further field work would be necessary.

. 1t these inferences about the importance of the forest are
correct, then the natural way to restore a viable fish population
to the lake is not to lime or burn the non-afforested part of
the catchment, but to carefully clear the catchment of trees or
to increase the neutralising capacity of the soils benegath the
trees. If the spread of peaty sediments on the lake bottom is
important these couwld be removed by dredging or could be
neutralised by liming.
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1. INTRODUCTION

1.1 Bims

This paper forms the final report of ow study of the
sediments of Loch Fleet carried out for the SSER/CEBGE Loch
Fleet proiect. The contract period Was from July

1984-November 198% and our specific aims were as follows:

i. to make a new bathymetric map of Loch Fleet and to compute
lake dimensions,

2. to make a map of the distribution of different types of
surfacre sediment,

. bt assess vartatiens in recent sediment stratigraphy using
core correlation technigues,

4. to establish a sediment chronoclogy for selected cores
wsing 210FPb analysis,

5otp assess  the variability of the surface sediment diatom
record and to reconstrucht the timescale and rate of
acidification of the loch using diatom analysis.

A report covering the first three of these aims has been
issued i{Anderson % Battarbee 1985). This report is mainly
concerned with aims 4 and 9 bui also includes the results of
polien, magnetic, carbonaceous particle, and trace metal
analysis carvied out by ow laboratories but not funded

ungder this econtract.

1.2 Background

In 1980 and 1981 when we were planning ouwr earlier work on
the acidification history of Galloway iakes (Flower %
Battarbee 1987, HBattarbee & Flower 19850 we obtained

sediment cores from 7 lochs, including Loch Fleet. With the
exception of Loch Fleet ouwr strategy of coring at the deepest
point of each of these lakes was successful. In the case of
L. Fleet our core from the deepest water suggested that this
was not the site of most rapid sediment accumulation and the
210Eh dating {(see below and Battarbee st al. 1983) indicated
that a good chronolegy could not be established from 1it,
because of a probable hiatus and because of inadequate 226Ra
data. I July 1984 a map of surface sediment characteristics
waz made using information from 86 Ekman grab samples. 24
short cores and 2 lang cores were also obtained from within
the zTone covered by organic sediments (Fig. 3.
Lithostratigraphic analysis, 210GFb dating, and pollen
analvsis of core L1 {see belaow) showed that the core
contained & maior hiatus hetwesn early post-glacial
accumulation (e, PO00-5000  BF)  and chortly before the very
recent and rapid sediment accumulation associated with  the
post 1961-3 so0il erosion from the afforested area of the
catchment.

From inspection of the dry weight and loss on ignition data
af these 2 long cores and the 24 short cores we deduced that



tonger and possibly more continuous records of sediment
acvcumul ation could be found in relatively shallow areas in
he north-gast corner and in the sheltered north-west corner
of the lake. In May 1985 cores were obtained from both these
sites (L3 % L4). In the case of L3 the transition from
arganic post-glacial sediments to late—glacial clays occurred
at  F.10m. Subsequent analysis of this core (see below) has
shown that it alsa contains & major hiatus, bub somewhat
smaller than for L1, and appears te include a complete record
of the most essential period, from the early nineteenth
century to the present. In the following sections data for
i.i, L3 and other cores are presented but L3 is regarded as
the master core (Fig. 1).



2. LITHOBTRATIGBRAPHY

2.1 Core  LF L1

Fig. Za shows the stratigraphic colusmn and loss on ignition
data for core Lli. The base of the core comprises grey
late-glacial clays that pass upwards at 1.30m into organic
post—glacial muds with an organic content of about 2Z25%.
Aalthough there was no clear visuwal stratigraphic change in
the core when Treshly exntruded, reddish mineroggenic bands
were apparent between &0 and 35 cm  after the sediment had
been allowed +to dry. The loss on ignition data show
fluctuating wvalues at these levels and then a sharp increase
to about  &60%  that decline back to about 35% at the sediment
surtface. It is almost certain (see below) that the changes
at about &0 cm and upwards are the result of  catchment
disturbance associated with the 19611963 ploughing and
afforestation. It is also clear that the sediments from
about &0 com  downwards belong to pre  S000 BF times when
undisturbed natural weoodland communities occupied the region
(sme below).

2.2 Corese LF L3I

Fig. Zb shows similar data for LA There is an initial
increase from low percentages in the late-—glacial period to
ca. Z0% oat 312 om. Between 210 and 240 om values vary
hetween 28 and 40%, and then decline to about Z0%L by 110 om.
However, a number aof clear peaks occuwr in this rone
particulariy above 160 om;. Above 110 cm there is & rapild
increase in LOI values to over 70% reflecting the inwash of
catchment peat following ploughing. Values in the uppermost
zone vary between &0 and 90% but there is a trend towards
decreasing percentages after the masimum at &G cm
representing  the stabilisation of catchment soils after
canopy closure.

2.3 Stratigraphic units

{in the banis of these two cores three well-defined
stratigraphic wnits can be established, but, because of the
presencs 3t hiatuses, they cannot be used for
chronostratigraphic correlation at  theilr boundaries. Uinit
A is  the sone with very high {(3440%) organic  values
often preceded by a mineral inwash of low and floctuating
loss o ignition wvaluess corresponding o bhe recent

post-plouahing phase. Unit B is characterised by medium
{15-40%) organic values and corresponds to the pre-ploughing
post-glacial sediments, whilst wunit C comprises grey clays
of wvery low organic content (= 10%3 and relates to
late-glacial sediments. Im L3 unmit B can be divided by tThe
approvimate position of the hiatus into two zones, the upper
of which is characterised by a series of organic peaks and
troughs (Fig. Z2b).

LD itllustrates the most complete core so far obtained from
the lake and thereby allows the LOI profiles of the short
cores to be correlated with it The 12 profiles available
are shown in Fig. 3 (redrawn from Fig. 98 1n Anderson %
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Hattarbee 1983). Although of varying thickness all cores
contain a highly organic upper section {unit A, some however
nage directly to grey clays of unit O (eg 15, 24, 10, and 43,
whilst others (1, o2, &, and 113} pass  into  the wunit B
type sediments.

Iin some cases {12, and perhaps 2 & 7}, the entire core
comprises sediments of unit A. Where sediments with a highly
organic uwpper section {unit A pass directly to clays &
hiatus between 8-2000 BF and 1963 AL is implied. Other
hiatuses are less obvious but can be detected by other
tochniques (see below). '
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3 CHRONOLOGY AND SEDIMENT ACCUMULATION RATES.

"

Fe 1 General

Cores Ll and L3 were analysed for 210FPb, 226KRa and 137Cs by
gamma spectrometry, using a low background well-type Urtec
Ge—l.i detector (Appleby et  al. 19867 . A limited number of
additional measwements were also carried out on the earlier
core LFY (Battarbee st _al. 1983). Figs. 4-8 show the 2Z106Fb
profiles for all three cores. Figs. 9-11 show the 137Cs
profiles. Z10Fb and 1370Cs parameters for each core are given
irn Table 1. The dominant feature of the 210Pb profiles is
that, except in the near-surface sediments, variations in the
210Pb concentrations are largely governed by variations in
the parent isotope 226Ra. In all three cores the 2ZZ26Ra
concentrations wvary from 1-2 plig-1 in the most recent
sediments to ca 11 pCig—1i. The mean 210Fb flux of 1.15 pCi
cm2 yr—1 compares quite well with the mean value of 1.12 pCi
cm-2  yr—=1 for all the Galloway lakes. The high unsupported
Z210Pb concentrations found in  the near-surface sediments of
all three cores indicates that current sediment accumulation
rates are very low. Using the 210PE flux value the mean
present day accumulation rate for Loch Fleet is estimated to
be about 0.033 g cm-ZF yr—1, or 0.35 cm yr-1i. If this value
had prevailed throughout the levels of unsupported 2ZI10FDb
activity, 210Ph equilibrium would be reached at depths of
about 30 cm. The actual mean eqguilibrium depth of 99 cm is
some indication of the extent of the enhanced erosion rates
presumably associated with the 1961-632 afforestation
progr amme.

Chronologies for cores LI and L3 are given in Table 2. in
the case of L3 the chronology is largely based on the CRS
maodel dates, with Srme small  amendments based on the
discussion below. For L1 the chronology is based on  the CRS
model , using the dated reference point of 1961 for S50.35 cm.

-
b

2 Chronglogy fTor LF L3

The 2i0Fb inventory of L3  (see Table 1) is twice that at Li,
and indicates the extent of sediment focussing at this site.
The uwnsupported 210Pb profile (Fig. 8) shows strongly
non—monctonic featwres reminiscent of those seen in 210FPb
data from Leoch Grannoch {(Battarbee et al. 1985). Fig. 12
shows the 2Z210Pb depth v age curve and accumulation histary
for LF3, based on the CRS 210FPb dating model (Rppleby &
Oidfield 1978} . This dates the A/B horizon at 108 cm to
1960, and confirmd the association of this horizon with the
anset of inwashed peat derived from the 19613 ploughing.
Bignificantly, thisg transition to sediments with high organic

values is also marked by a large reduction in 22&Ra
concentrations, and also in the concentrations of a range of
other radio-isotopes such as 2384, 23348 and 40K, The

validity of the CRS model date in spite of the enhanced Z1i0PDb
flux suggests that the extent of sediment focussing at LI has
been reasonably steady.

The unsupported 210Pb concentration in L3 above 108 cm has a

9
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Table 1. Loch Fleet {a} %:°pPb Parameters
Core Surface 239ph Inventory Mean **°pb 228Ra Conc 99%
2ioph Flux Bgu. Dept
Conc.
pcig'I pCi cm™? pCi cm'zyr"l pcig"l o
LF1 45.9 29.2 0.3l 1+9~11.2 51.3
LF3 21.1 63.7 1.98 1.31-11.4 201.0
LETV 24.7 18.3 6.57 2.0-10.6 32.2
Mean 7.1 L.15

{b} *87Ch Parameters

Surface 1270y Inventory
1EFCs Conc.
pcig"l pCi cm™?
LFL 13.35 12.64
LE3 21.20 14.66
LFTV 14.31 7.58

10
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fairly uniform value of about 1~2 plig-l right wup to a depth
of 19.% cm, and it is clear that most of this sediment is
derived from the 1941 ploughing. The wunsupported Z10Pbh
concentration indicates a mean sedimentation rate for the
lake duwing this pericod of about 0.40 g cm-2 yr—1, i.e., a
ten—-fold increase over the ocwrent value. The enhanced
values at LF3I may again be related to sediment focussing.
Calculations indicate acumulation rates at L3 up to 1.4 g
cm-2 yr—1 in the period 15961-72, followed by a steady decline
wuntil current values are reached in the late 19707's. The
reduction in accumulation rate is acompanied by an lncrease
in the 137Cs concentration (Fig. 10). This increase is very
pronounced above 14.3 cm, which has been dated tao 1977.

Sediments immediately below 108 cm are characterised by high
226Ra concentrations, but have the same low unsupported 210Ph
concentrations as sediments above this level. Sediment at
119.5 cm is dated by the CRS model to 1958 but it may well be
that this entire section of the core, down to 130.5% om, is
inorganic inwash from the 19461 ploughing. The wvery low
unsupported 210Pb concentration of 0.4% pCig-1 at 10%9.5 com
indicates that some of this material may have come in at very

high accumulation rates of 1-2 g omZ2yr. The wunsupported
210FE peak of 5.7 pCig-1 at 139.5 cm indicates that this
material is pre-inwash, and this is suppor-ted by the

relatively low accumulation rates calculated for this level.
Both the ORE model and CIC meodel {which should be applicable

to this point) date 139.5 cm to the early 1940°s. By
extrapolation upwards 1960 should then be assigned to  just
below 130 cm. Below 139.3 cm the chronology indicates a

disturbance with accelerated accumulation rates during the
period 1920-30, spanning the depths 150-170 cm. A feature of
this part of the core is a layer of sediment at 163.3 cm with
an unusually high 226Ra  concentration of 11.4 plig-1, and an
asspciated high 238U concentration. This material has no
unsupported 210 Pb. Below 170 cm, dated by both the CRS and
CIC mondels to ca. 1920, accumulation rates  appear to be
typical of present day values. A best sstimate based on both
the CRE amnd CIC models 1s Q.0B6 g ocm—lZ yr—1. At this
accumulation rate 1850 would correspond to 200 cm, and 1800
would correspond to 220 cm. Further extrapelation would be
wiwarranted since other pollien evidence (see 4 below) shows
that & major hiatus ocowrs in this region of the core.

e

Z.3 Chronolaogy for LF L1

It iz immediately apparent that the 2I10FPh record fTor LFY is
incomplete. In this core the transition to highly organic
material occouwrs at 34.5 om. (Unlike LE there is not however
a sudden reduction to very low Z2Z6Ra values). Above this
horizon L1 contains 25.5% pCi cm-2 of unsupported 210FDb,
compared with Z4.1 pCi cm—-2 1in L3, Helow this level there
are only 3.7 pli cm2 pf unsupported 210Pb in L1, compared
with 29.6 pCi cm—2 in L3. The 13%37Cs profile for LI {(Fig. %}
indicates measurable 137Cs concentrations down to 29.5% om,
with a further trace at 90.5 cm. The sediment at 30.3 cm is
unusual, in the context of Li, in that it has a low 226Ra
concentration relative to adiacent samples, and an abnormally
low 238U concentration. At the same time this layver also has
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a high bulk density and low organic content. It is also the
lowest point of the core at which there is definite evidence
of unsupported 210Pb. it would thus appear reasocnable to
conclude that L1 contains no recent {(i.e. post 1800} sediment
prior to the mid 1950°'s, and that the bulk of the sediment
down to at least 90¢ cm is associated with the 19%961-63

ploughing and afforestation. The unsupported 210Fh
concentration between 29.9 cm and 50.3 cm has a mean value
of 1.3 pCig ~1, and indicates sediment accumulation rates in

the range 0.5%-1.0 g cm2 yr—-1i, so that the bulk of this
material would date from the early 19600's. A reduction to
moderate sediment accumulation rates is  indicated by the
sudden rise in 137Cs concentrations above 10 cm, and is dated
to the early 1970°'s. A featuwre of the very recent sediments
is the layer at 5.25 cm characterised by an abnormally high
226Ra concentration of 11.2 pCi g—1. The associated high
unsupported 210Ph  concentration and 137Cs concentration
places this material above the inwash zone.

2.4 Chronology for LFV

The data for the earlier core LFV, though sparse, indicates a
similar pattern to that seen in Li. The core contains 146.0
pCi cm-2 tor (8.7 pCi g—-1 if account iz  taken for
radio—active decay since collection?) of unsupported 210Fb
above the organic inwash horizon, and only 2.3 pCi ce—-2 below
this horizon. There is ne clear evidence of unsupported
2i0Fbh  below 30 cm, and the wvariations in total Z10Pb
concentration bencath this level now appear to be largely due
to 226Ra concentrations. Consequently the core lacks
sediment of many decades prior to 1961-3 and is of little
value in the context of the present study.
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4. POLLEN ANALYSIS

Follen analysis of cores L1 and L3 was carried owt primarily
as a chronolpgical and stratigraphic aid, and, 1n association
with the lithostratigraphy and 210FPbh measurements, as a means
of  assessing  the presence and extent of stratigraphic
niatuses. Full diagrams for Dboth cores are included in
fppendix Ay Figs. 13 and 14 show summary diagrams for L3 and
L.l respectively.

4.1 Core LF L3

For L3 five zones were defined according to shandard
statistical procedures {(Birks 1986):

4.1.1 LA3~1 Pinus/Coryius FAZ: 308292 ocm

The inittial levels of the zone reflect an garly postglacial
habitat with arboreal values still rising a&s forest trees
reinvade the area. The high values of pine and already high
values of Coryleoid pollen suggest a B-9000 BF date.
Femaining open habitats disappear as values of grass
(Gramineae! pollen decline and Tull forest cover is achieved
in the region. A change from a forest dominated by pine
Finus) and hazel (Corylus) occocurs as oak (Quercus? and
elm (Ulmus) pollen values rise representing the immigration
of mixed deciduous woodland into the area. At the very end
af the zone the first indication of alder (Alnus} appears.
In the nearby site of Round Loch of Glenhead the rational
limit of this alder rise isc dated to approximately 83500 BP
{Jones et al. 1984). High values of Ispetes sDOrESs oocur
throughout the diagram indicating an exiensive development of
this aguatic macrophyte within the lake.

4,1,..2 L3-2  Duercus/Alnus PRZ: Z292-216 om

Gider and sab values reach their highest levels i this zone
as in most eother pollen diagrams for this time period in
porth-west  Eurppe. Fine becomes less important and pollen
valuss decline to extremely low levels. This early and
relatively brief pine phase is a characteristic feature of
pther diagrams from soubh-west Scotland f{ef. Birks 1972,
197%, 1984, Jones st al. 198470,

The first signs of anthropogenic disturbance are recorded
above 2546 om as values of elm pollen decline and pesaks ooour
in the major disturbance indicators FPlantago lanceglata,
Gramineas, Anthemis type and Pteridium.

4,1.7% 3= Calluna/Gramineae PAZ: 216~112 om

Large increasaes in heather {(Calliuna) pollen and bog moss
(Sphagnum) spores indicate the conversion of the acid ocak
forest  to  domination by blanket peat vegetation. Such
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changes are recorded for many sites in other areas of upland
Britainm dating from approvimately S000 BF onwards. However,
at this site the presence of unsupported 210Ph at this level
in the sediment {spe above) indicates that these pollen
spectra are of nineteenth century provenance and that a major
MHiatus occurs below 216 om. Depressions in Lthe Isostes
curve occur  in this  zone coincidentally with peaks Tin
Calluna, Sphagnum, LOT values, and SIRM (see below)
suggesting the inwash of peat as a result of catchment
disturbances.

4,1. 4 L4 Callurma FAZ: 110-22 cm, and L3-5 Pinus  PAZ;

220 om

Much of the sediment in these zones consists of peat eroded
from the catchment follewing the 1963 pre-afforsstation
ploughing. Consequently the pollen content of the sediment
ronsists of old reworked material as well as contemporary
material from local vegetation. The impact of the peat
erosion is demonstrated by the exntremely low Iscetes values
in the zone at levels where Calluna and Cyperaceae are
fiigh. This could be due to a dilution of Isgetes in the
pollen count and to & temporary reduction  in SHOre
production related to an increase in turhbidity in the waler
column. Despite these disturbances the recent afforestation
of the Galloway region is indicated from about &0 cw Lpwards
by the increasing pine values and by the occasional
occurrence of spruce pollen, & sSpecies that dominates the
catchment but produces only small guantities of pellen
caonpared to pine.

4.2 Core LF L1

The pollen diagram for L1 (Fig. 14) was divided into only
twe TOnes. The lower zone is very similar to the bottom two
sones  of LY (LE—1 and L3I-2) and includes an expected
ranformable seguence of postglacial forest changes. A malor
hiatus occurs at 60 ocm and is overlain by wvery recent
reworked peat eqguivalent to zones LS4 and L3-5.
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5. MINERAL MABNETIC DATA.

5.1 Core LF L3

Figure 15 shows the results of a vrange of magnetic
measurements on  subsamples from Core L3 They heip to
characterize the nature of the sediment and to establish its
source {(cf. Oldfield, 1983} The diagram can be divided into 6
TONES.

Ee.l.1 Zone A. Hase to Z&64 cm

Samples from the deepest sections are characterized by very
low susceptibility ST isothermal remanence (SIRM)  and
anhysteretic remanence (ARM). SIRM/ARM is rather high and
irregular: ARM/x and SIRM/x are lower. The reverse field
ratios ('8') are initially ‘hard’. From the base upwards, the
high reverse +ield ratiocs especially tend to ‘soften’
dramatically. The values indicate low ferrimagnetic
concentrations throughout. The basal samples, which also
have very low loss—on-ignition and high bulk density, are
rich in  hasmatite - a primary component of the granite
hedrocks. the 1ow renanence/susceptibility quotients
probably indicate relatively high paramagnetic LT o
concentrations whether as a resulit of the precipitetion of Fe
from solution or the detrital input of iron-rich primary
materials cannot be determined.

S.1.2 Zone B. 264 cm to 230 om

Within this zone, SIRM and ARM increane as do the
remansnce/susceptibility gquotients. SIRM/ARM  declines and
the reverse field ratios remain soft  thouwgh variable

especially in the low reverse fields. Low though not minimal
concentrations of ferrimagnetic grains are indicated as well

as a decline in the relative importance of haematite. The
low-backfield ratios and relatively low SIRM/ARM suggest the
presence of fine grained secondary oxides in iow

concentrations.

ZS.1.% Zome C. 230 cm to 1520 om

SirM, ARM and =« rise irregularly throughout this zone.
Remanence/susceptibility quotients are rather 1ow and
SIRM/ARM also remains low. Reverse—field ratios are
relatively low with & tendency for IRM 100mT/8IRM to decline
irregularly through the Zore., Rising ferrimagnetic
concentrations are indicated; ithese are interpreted as
inciuding (and probably dominated by} the type of fine
grained sscondary ‘magnetite~type’ oxides formed in suwtace
s0il by fire and pedogenesis. There are distinctive 'spikes’
of magnetic inwash. Below 180¢ cm they are associated with
laow SIRM/ARM and very ‘soft’ reverse-field values especially
in the higher fields. These are most easily explicable as
episodes of inwashed magrnetically enhanced scil and they ars
probably related to episcdes of burning in the catchment.
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Above 180 cm and up to  the rather arbitrary zone boundary at
the break between cores, peak magnetic concentrations often
caincide with harder remanences and the inwash of subsoil or
unweathered parent material into the lake may be inferred.

S.1.4 Zone D. 150 cm to 100 cm

This zone is marked by variable but mainly high SIRM and ARM
values, but declining . Romanence/susceptibility guotients
thus peak in this zone especially around 120 cm. The zone
may be subdivided into a basal ‘spike’ of maximum remanence
(especially SIRM) and susceptibility values {1}, & narrow
subrone of significantly reduced magnetic concentrations (idi}

and a Final subzone of higher concentrations {iidi’. The
basal “spike’' has very hard remanence and high heamatite
concentrations are indicated. These may be derived from

unweathered parent material or from secondary iron-enriched
subsoil (B horizond material rich in anti-ferrimagnetic
minerals. The high SIRM/%x value suggests the former. By
contrast the measurements for sub-zone (iii} are itypical of
fine grained secondary surface-soil derived magnetite.

Throughout Zones € and D the magnetic record indicates a
highly unstable sedimentation regime with pulees of catchment
derived material reaching the coring site from aquite
different source types including both enhanced and probably
hurnt surface soil  and either unweathered parent material or
subsoil.

=.1.% Zone E. 100 cm to 35 om

The sharp fall to low 2, SIRM and ARM values coincides with a
change to very soft reverse field ratios. Coinciding as they
do with a sharp increase in loss-on-ignition and & steen
decline in 22&6Ra values, these changes denote the dominance
of sedimentation by inwashed peats and/or the organic surface
layers of podsolised and gleved soils.

Z.i.8 Zone F. 3% cm to surface

The increasing s, SIRM  and SIRM/ARM values are all
characteristics typical of the postwar spherule dominated
atmospheric deposition found in ombrotrophic peat sites.

Z.2 Inferences

The magnetic record is compatible with an interpretation
desigrnating zones A % B  as being respectively late-glacial
and early post-glacial in age, Zones O & D as dating largely
from a period of 1%2th and 20th century pre—afforestation
catchment use which involved recurrent burning and qguite
rapid but irregular erosional ioss, ard zones E and F as
reflecting the initially rapid then declining sedimentation
resulting from ploughing and planting post-1960. Only in the
final zore is the sedimentation rate and concomitant fluw of
catchment derived magnetic minerals low enough to allow
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recognition of a putative atmospheric component in the
magnetic mineral assemblage within the sediments. Magnetic
measurements from Cores L1 and L2 and several of the
minicores indicate broad parallels. in every case there is
pvidence of a major hiatus below the recent sediments, a
period of peat inwash post-afforestation and atmospheric
deposition only in the mbost recent layers. Detailed
correlations are not practical at present.

By combining the loss-on—ignition, magnetic and 226 Ra
profiles, all of which provide ciear evidence on sediment
source type, it is clear that there are for at least parts of
the period of 19th and 20th century sedimentation facies
changes between sites within the lake at any given time.
Thus, for example, the highly organic post-ploughing inwash
in Core L3 i low in both magnetic and radium concentrations
whereas in Core L1, magnetic and radium concentrations are
high in similarly organic recent sediments. In the former
case, pre—-industrial peat is believed to be the main sediment
source and in the latter, true spils with a rather higher
inorganic mineral contentare thought to contribute to the
sediments. To what extent this reflects differences in the
parts of the catchment contributing sediment to different
areas of the lake beds {cf. Dearing 1979 or selective
sub-agueous, post-depositional sediment transport associated
with the strong focusing demonstrated at the site cannot be
established from these data alone.
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&, CHRONOSTRATIGRAPHY

In the absence of 140 dates it is difficult to put specific
dates on the hiatuses in L1 and L3, However, the pollen and
Z210Fb data do allow gengral limits to be established and, if
taken together with the magnetics, 1ol and diatom evidence
the hiatus in L3 can be identified. in the case of L3 the
pollen data show the presence of a copnformable early
post—glacial seguence from 9-8000C BF to some period after the
elm decline fapprox SO00 BHPY at around 250 cm. The Z10Pbh
data shows that samples above 180 om must post-date 1860,
Although there is evidence of unsupporited 210Pb below 180 cm
the concentrations are within the standard errors of the

measurement . However the pollen data suggests  that
catchment disturbance goes back to 208 om with peaks recorded
in  Sphagnum, Calluna and Gramineae and a depression in
the Izeetes values (Fig. 13y, These featuwres oocwr at

the same time as loi and magnevic peaks (Figs 16 and 173}
and the peak in Cyclotella comensis in the diatom diagram
{(Fig. 27). These peaks suggest theat a brief period of
peat erosion ocowred, perhaps caused by catchment burning,
at this time. Since other evidence from the Balloway region
shows  that significant pest erosion did nobt begin until
recent centuries 1t can be postulated thet the sediment from
208 to 180 om post-dates the hiatus. Conversely it can be
argued that the sediment below 216 om must pre-~date the main
Hiatus since the pollen spectra at  this level and below are
not characteristic of moorland but relate to the pre-moorland
vegetation that occurred in this reglion more than 3000 vears
ago. Overall 1t is concluded that the hiatus in this core
oootrs somewhere between 216 and 208 om and repressnts a gap
in accurulation from about 3000 BFP to  about 1800 AD. 140
dating would be wuseful to test this deduction.

The L1 core is much shorter than LT and appears to have a
aimilar hiatus. The sarly pollen record from (.30 to &0 om is
almost identical te LY indicating the presence of a
conformable sequence of early post-glacial sediments. The
Z210Fb data show that the upper &0 om post-—date 1800, and the
pollern, magnetic, Toi, and  diatam avidence (cf. the
Cvelotella comensis peak at &0 om inm Fig. 17y =il
correlate in a similar way to LI and suggest that the hiatus
must lie betweesn &0 and &8 om  and cover approsimately the
game period of ftime. Ageain 140 dating wouwuld help to refine
these estimates.

From these data we Car conclude that 2 compiete
post—-glacial sequence is unlikely to be found in the loch.

Using all chromostratigraphic information it is possible to

reconstruct a cross sectional stratigraphy for Looch Fleet as
shown in Fig 18.
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7. SEDIMENT RECORD OF ATHMOSPHERIC CONTAMINATION

Lake sediments contain & record of atmospheric deposition,
antd where such deposition includes material associated with
anthropogenic aschtivity, the record can becomse a record of air
pollution. In particular the stratigraphies of trace metals,
magnetic mineralogy, ang carbonacecus cenospheres (Ysoopt")

o an be interpreted i this WEY . However , ginte  the
guantities of these variables in sediments are subiect to the
independent variation of sediment acocumul ation rate,

concentration values must be transformed to  flux values 1f
they are to have historical meaning. This is especially so
in the case of Loch Fleet where catchment ploughing has led
o pronounced  increases  1n sediment asccumulation rates and

the conseguent dilution of wmost other constituents. in
addition the atmospheric record in lakes with disturbed
catechments, such as that of  Loch Fleet, is @ften wunclesar

since atmospheric pollutants stored in catchment soils are
washed into the lake during erosive episodes and since
ergsion causes variatieons 10 the background filux of trace
metals and magnetic minerals. Conseguently, the results of
the various analyses carried oulbt are presented here but are
not discussed in detail.

Tl Trace metal data for cores LF L3 & LF L1

Figs. 19 and 20 show graphs of the concentration of In, Cu,
and Fb against sediment depth for cores L% and L1
respectively, whilst Fig. 21 shows the calculated fluxes for
the three metals fTor L3 since about 18350,

The concentration data for boith cores show similar btrends.
FPrior to the hiatuws the values for Fb are wvery low while

bhose o in and L are somewhat higher. Without
=14 dates 1t is rot possible to make very accourate
caloulations of annual flunes dur 1 ng this period
but, from the pollen data, it can be establisehed that
sediment accumulation rates were S0-100 times lower than
in post-hiatus/pre-ploughing times. On this basis it can be
sestimated that trace metal fluxes during the esarly

post-glacial pericd were very low indeed, perhaps less than 1
wg om—2 oyr—1. The concentrations of trace metals after the

hiatus (since about 1800 AD) show gradually then steeply
rising values typical of profiles from other sites in the UK
(ot Fippey et al . 1982 and  indicating progressive
contamination from industrial activity. However, sone

distortion of the atmospheric signal 1s apparent. The very
large spike in  fTlw  walwes (Fig. 21} coincides with the
pericd of maximum inwash and suggests that some of the Fb and
in i particualar s derived from the catochment. The
subsurface decline in fluses is consistent with both the
stahilisation of the catchment soils and with the decline in
the atmospheric flue of trace metals in recent years (Hilton
et _al. 1983).
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a2 Carbonaceous cenosphere data for LF L3

Because af the high and wvariable rate of sediment
accumulation inn the lake the concentration of carbonaceous
particles i1s low, in some cases below the limit of detection
(Fig. 2Z2a). A somewhat clearer picture emerges when the data
are expressed as fluxes (Fig.22bh) al though with the
pxception of the uppermost sediment these rates are also low
in comparison to those for cother nearby sites. Helow 170 cm
(appr. 1i920) there are only sporadic occurrences of
-arbonaceous particles. Above this level there are particles
in almost all samples and the fluxes rise significantly above
90 cm (from the late 1960's). There is a further rise above
=0 em  (mid 1970°s)  both  in  concentration and flu. The
concentration rise is accentuated because of the rapidiy
falling sediment accumulation rates over the top 20 cm. TFhis
post 1970 increase is not a feature of the non-afforested
sites previously studied in Galloway {Battarbee et al. in
prep. . 1t occurs as the lake rapidly acidifies and during
the period of canopy closure of the catchment forest. It is
not known at present whether and in what way these features
might be related unless the growing forest causes greater
air turbulence and enhanced dry deposition over the lake

surface.

7.% Mimeral magnetic data for LF L3

The results of mineral magnetic analysis have been presernted
above (Section S and are shown in Fig. 15. Ferrimagnetic
minerals in recent lake sediments are derived from both the
ratchment  and  the atmosphere. In the upper 3% cm of the L3
core the combination of values suggest the dominance of
atmospheric over catchment derived souwces. This is 1in
agrsement with the magnetic record af ombrotrophic peat bogs
and closely follows the trend shown by the carbonacecus
cenospheres (cf Fig. 22)
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fig. 21  Zn, Cu, Fb fluxes for LF L3 plotted against time.
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8. DIATOM ANALYSIS AND pH RECONSTRUCTION

2.1 Diatom Tlora

g ftull list of taxa oococuwring in the lake is  given in

Table 3. The table alseo indicates those taxa that occur in
the uppetrmnost sediment and thereby are approvimately

representative of the present {pre-liming? diatom flora of

the lake.

8.2 GSurface sediment dietom variability study.

To assess the variability of surface sediment distom
distributions, the surface O0—1 cm sample from 28 Kajak cores
was analysed (Fig. 23). A summnary diagram of the relative
freguency distribution of selected taxa is presented in Fig.
24 and concentrations are shown in Fig. 25; more detaills are

given in Appendix H. In general the data indicated
substantial floristic uniformity between sites and very good
repeatability of percentages for many taxa eg. BEunotia
veneris, Frustulia rhomboides v. gsaxonlica, HAnomoeoneis
brachysira ve. thermalis. However some taxa show greater
variation, sapecially Tabellaria quadriseptata, an

important acidobiontic taxon and Cyclotella kutzingiana. a
planktonic circumnevtral species that no longer occurs in the
lake in any abundance.

This wvariability results in a comparable variability in
reconstructed pH (Fig. 26). Some samples have values around
pH 5.5 as a result of the low freguency of acideobiontic taxa,
and to some extent a rather high percentage of circumneutral
tan a . A considerable number have values close to  the
measured pH of the lake although the median value is slightly
o the high side.

The variability of the pH data is probably larger for this
site than for others because of the more complex and
Mighly focussed nature of sediment accumulation in the lake.
& Full explanation of the data reqguires the analvsis of the
uppermost few centimetres of a range of cores rather than the

isolated analysis of surface gediments since the time
represented by the 1 om sediment swface sample could be
substantially different within the lake. It is fTor esample

antirely likely that pre—-1970 sediment containing Cyclotella
kutringiana and other circumneuwtral tara occcurs at or close
to the sediment surface at certain places within the lake.
The samples taken in this swvey in areas of relatively
slow sediment accumulation may include variable gquantities of
such =arlier material. Egually the surface sediments from
areas of very rapid accumulation may not contain less
than & full annual cycle of material or may have been
rontaminated by  the erosion and redistribution of older
asediment within the system.
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LOCH FLEET

LOCATION OF EKMAN AND KAJAK CORE SAMPLES
VCORED JULY 1984 |

=

250 melfres

Lg_é_ﬁﬁ;:} {;éam ]

Fig. 23 Distribution of Kajak cores used in surface sediment variability study.
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8.5 bDiatom biostratigraphy: LF L3

A& compleite diagram fTor core LI 15 given in fAppendis O. £
summary diagram which includes the most commonly ococuwrring
tara is shown in Fig. 27, and the concentration of diatoms
at pach level in core LF L3 is shown in Fig. ZB.

The diasgram was zoned using & 2 statistical zonation package
(Birks 1986 on the UCL VAX 11/73¢0 computer. The wvarious
methods (8FLITINF; SPLITSH: CONSL INED wsed were in close
agreagment . & zmones have been identified.

g8.5.1 LF LI-D1 (<208 om) Cveclotella kutzingiana, Fragilarias

virescens, Melosira perglabra

The main taua in this zone are O, butzingtana, FE.
virescens, and M., perglabra. Achnanthes minutissima
declings initially but recovers somewhat towards the end of
the zone. Other important tava are Anomoeoneis vitrea, A.
brachysira v thermalis, Cymbella gracilis and Frustulia
rhomboides v SadoniCa. A1l tana are classed as  either
circumnneutral or acidophilous species and C. kutzingiana is
& circumnevwtral planktonic taxon.

8.3.2 LF L3-D2 (208-196) Cyvelotella comensis

This zone i1s characterised by a very rapid expansion and
deciineg of the small planktonic diatem C. comensis, and
there is a small percentage 1ncrease in A, minutissima.
C. kubzingiana declines briefly but begins to recover by
the end of the zone. The other main tara are the same as for
rone D1,

H.3.3 LF LE—-D3 {196—101 ) Cvclotella kutzingiana,
Fragilaria virescens, Achnanthes minutissaima

In this =zone C. butzingiana returns to manimum values, B,
virescens has high but wvariable percentages, while A,
minutissima reaches & peal in mid-zone and itheresaftter
remains relatively constant to the upper rone boundary. &,
vitrea has constant values of around B84 throughout the zone

bt M., perglabra declines steadily. NMavicula
coccongi formis, Eunotia VENeris and E. pectipalis v,
mirnor make significant but 1o contributions. F,

rhaomboides v gaxonica and L. graciiis remain constant.
Despite this small change in the balance of the diatom
spectrum  the relative proportion of the circumneutral and
acidophilious tava is the same as for Di.

8.5%.4 LF L.53—D4 (10120, 5] Anomosonels vitrea,
Tabellaria flocculosa, Eunctia veneris

. kutzingiana declines abruptly to less than than 1% of
the total and there are correspoending increases in . vitrea
and T. fTlocculosa, while A. minutissima declines steadily.
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Fig. 28 Diatom concentration for LF L3.
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F. virescens has lowsr values throughout and E. veneris

begins to increase towards the end of the ZOone. E.
pectinalis v mi ren increases and Navicula bryvophila
reaches madimnum values. There are no acidobiontic distoms

present in this zone but the assemblage is somewhat mors
acidophilous in character than previously.

H.3.59 LF LE-D5 {20, 5~4,5) Eunpgtia veneris, Tabellaria
guadriseptata

The increase of the acidophilous k. wveneris {0 makimum
values corresponds to a rapid declineg in the circumneutral A,

vitrea and A minutissima. fJther taxa which increase in
this zone ars O perpusilla, M, subtilissima and E.
alpina, and the acidobiontic species Tabellaria

guadriseptata becomes important for the first time.

B.3.4 LF L.E3-Dé& {4, 50} Tabellaria quadriseptata
Eunptia venerise, Tabellaria binalis

The uppermost zong 15 characterised by & small decrease in
E. veneris, an increase to a maximum of T, gquadriseptata
afnd a small but significant increase in 1. binalis another
acidobiontic taxon. The proportion of circumnewvtral taxa in
the assemblage of this zone is very small.

8.4 Diatom biostratigraphy LF L1

A small number of samples from core L1 was analysed in order
to assist with core correlation. A summary diagram is shown
in Fig.2©. Despite the wide sampling interval it i1s possible
£ identifty a number of the featuwes described above for LF
LE especially the C. comensis peak, the C. kutzingiana
decline, and the high M. perglabra percentages below &5 om.

8.9 pH reconstruction

Both  Index E {(Renberg % Hellberg 1982) and multiple
regression models  (Flower 1286 were used to reconstruct pH
from the diatom assemblages in  the core. The resulis are
very similar (Fig. 300 although the multiple regression of pH
preference groups gives slightly higher (0.2 pH unit) values
than Index B. The inferred value for the surface sample
weing  Index B is 4.5, close to the measured mean annual
value of the contemporary ilake water.

Felow 110 cm {(before about 1965 the reconstructed pH is
relatively constant at D.9-6.0. Between ¢a. 110 and 20 om
11B45~1974)  there is a slight decrease to pH S.7-9.8
reflecting the loss of the planktonic tareon C. kutzingiana
and the decrease of F,. virsscens. These changes coincide
with the abrupt increase in loss on ignition values caused
by peat inwash following ploughing. I the decline in C.
kubzingliana was caused by the inwash then the slight
decrease in pH indicated by the sodel may be an artefact.
Aove 20 cm {after about 1974 there is a rapid decline in oM
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from about T.6 to 4. 6. Overall the data suggest that there
has been a decreasese in pH of between 1.0 and 1.5 pH units
between about 1940 and the pressnt.
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2. DISCUSBION AND CONCLUSIONS

Pal Sediment distribubion

It ig clear from the foregoing that sediment distribution in
space and time in L. Fleet is complex and this is manifested
by both the asymmetry of sediment accumulation within the
basin and the occurrence of substantial hiatuses, some of
which are not apparent from visual inspection of the cores.
Loch Fleet is not unuswal in this respect; it can be regarded
as an gutreme edample of sediment distribution in
wind-stressed upland lakes in the UK where basin shape and
prientation in relation to dominant wind directions influencs
the patterns and limits of organic sediment accumulation.

9.2 Sediment hiatuses — the beginning

The oaccurrence of hiatuses is & logical consequence of the
above. Histuses are likely to occw in any lake at any time
as the preferred foci for sediment accumulation shift
through time. This is true for L. Fleet and sccounts for the
variation in time for the beginning of hiatuses at different
places within the lake.

HMHowever, it is also ouw belief that the main hiatus in L.
Fleet {c 3000 BF - 1800 4D} occcurs  throughout the basin.
Thie implies either that sediment was not being produced in
the loch and its catchment or that the material produced did
not accumulate but passed instead down the outflow. The
former implication is clearly inappropriate; the latter is
highly probable. Since organic sediment does not accumul ate
in the deepest water i1t is clear that there is sufficient
energy within the systemn ta maintain sediment in
SUSPEENS1on within the water column. This not only allows
sediment to be deposited on the northern slopes of the bDasin
but alsg allows some of 1t to be lost down the outflow. In
the early post-glacial period the balance between seston
productiorn and outflow loss must have been positive allowing
sediment accumuwlation to take place in the basin. A change
in this balance would then have occwred allowing no net
storage of seston. Indeed such & change may have led to the
resuspension and loss of sediment deposited from an =sarlier
period.

Frecisely when and why such change octocwred has not been
ecstabkl i shed. 140 dating can be used to fTix a lower limit.
The cause of the change is conjecture although establishing
its timing would allow some of the possibilities to be
evaluated. o far it appesrs that the histus ocouwrs at or
somewhat after the elm decline, about D000 BF, when animal
husbandry was first introduced in Britain and when Neolithic
man began to clear the forests. Most workers would agree
that these developments would lead to  an increase in srosion
and sediment vield to the lake and conditions shouwld be in
favaur of sediment accumulation rather than the oppo=site.
However, it is alsoc known that thersal stratification is
sensitive  to changes in shelter and it could be argued that
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the loss of native forests in the catchment at this time led
to &n increase in exposure, greater seston suspension and a
net loss of sediment from the lake. A change in wind pattern
and strength cowld have produced similar results. It is
interesting to note that sediment is now accumulating in many
new areas of the lake following afforestation. Whilst this
is likely to be related to the major peat inwashes caused by
catchment ploughing, the pattern of accumuliation might also
owe something to the renewed shelter offered by the
coniferous plantation, especially since this is sited on the
wpwind shore,

9.7 Sediment hiatuses —- the end

In cores LiI and in 8 of the mini-cores the renswal of
accumulation is related to the major increase in sediment
supply to the lake from peost-ploughing catchment srosion. Iy
core L3, however, it seems beyond doubt from the Z10Ph data
that the renewal of accumulation in that part of the lake
began in the early nineteenth century. Whilst this iz very
canvenient Tor ouwr lake acidification study it is difficult
to explain., In the absence of incressed shelter it can only
be argued that thischange reflects an increase in sediment
supply to the lake 200 or more vyears ago. In the core from
Raund Loch of Glenhead we observed a very distinct increase
in organic matter content in the sediment that we eguated
with the beginning of blanket peat erosion & few hundred
years ago, perhaps as a result of climatic change {(Little Ice
Age) in conjunction with the introduction of sheep grazing
and moorland burning. It is possible that we are seeing the
same record in the sediments of Loch Fleet. The high
Fteridium values and the temporary depressions in Isoetes
percentages in the pollen record are consistent with burning
and erosion respectively (Fig. 13) and the sudden increoase in
planktan in the diatom diagram at 208 cm  (Fig. 27) suggests
a nutrient input perbaps as & result of & significant
catchment fire. In addition, and guite independently the
mapnetic data slso suggest an increase in catchment derived
material duwing the nineteenth and early 20th century. From
these observations we can  argue, whatever the cause, that a
renewal of sediment accumulation in a limited region of the
lake at the centre of the preferred accumulation zone is not
necessarily unexpected.

9.4 Chronology and sediment accumulation rates.

9.4.1 Early post-glacial sediments

Both cores L1 and LI contain early post-glacial sediments,
the extents of which can be approximately assessed from the
pollen data (Figs. 13 & 143, Iin Li the sediment spans

FOOO-S000 BF at an approxnimate accumul ation rate af
.18 mm yr=~1l, whereas L3I spans the =zame time interval but
with & mean accumulation rate of approximately .28 mm

vl . 140 dates are required for more accurate dating and
accumil ation rate estimates.



.4, c.iBOC - 1967 AL sediments

Oniy core L3 contains an appreaciable thickness of sediments
of this age. The 2Z210Fb data show that the scoumulation rate
of sediment over this pgriod varied from 0.4-2.8 cm  yr-1.
This is a very high accumulation rate compared with rates of
c G.2cm yr=-1  at Round Loch at this time. In addition it
shouwld be realised that this rate is core specific and npt =a
mean rate estimated for the basin as a whole and inter—basin
conparisons cannot be made on a single core basis. In the
rase of L. Fleet the whole-basin rate is likely to be guite
iow if it is assumed that the focus of accumulation during
this period was of small size.

Y.4,.3 post 1961-6% sediments.

The erosion and inwash gaused by pre-afforestation ploughing
in the catchment in 1967 is clearly marked in all cores
although the precise record wvaries from ocore Lo core. In
gore L1 angd L2 the first indication of catchment erosion is
the LOI decrease and bulbk density increase at &0 om and &5 om
respectively. These levels are characterised by iron oxide
bands presumably the result of oxidation of reduced iron
species  in  the sub-peat horizons of the catchment following
ploughing and their subseqguent transfer to the lake. Above
this LOI values increase rapidly to over 504 as newly exposed
catchment peats in the banks of drainage ditches are eroded.
in LT the iron ovide bands are absent but the sudden increase
in organic content is clear. Shortly after this major
change in sediment structure the accumulation rate data from
the 210FPb  dating (Fig 12) shows the major inwash to have
oecurred perhaps D4 vears after afforestation when
arcumulation rates for 4 years after reached 10 cm yr—1 at
this site. These rates decline rapidly from the peabk in
1970-71 in parallel with the loi values, suggesting the
progressive stabilisation of the ploughed part of the
catchment as drainage ditches become vegetated, as the canopy
closes and as the groawWing forest intercepts and
evapotranspires a&n increasing amount ot incident
precipitation. The present sediment ascocumulation rate for
this part of the lake is 1.47 cm yr ~1 {0,114 g cm—2 vy —1)

it is clear from the wmini-core loi profiles (Fig. ZF that
this enormous inwash not only caused a dramatic  increase  in
sediment accumulation rates at the LI-LI sites but that it
cavused sediment to accumulate over additional parts of the
lake bottom, either areas where sediment had not acocumulated
since o S000 BF (see above) or directly over late-glacial
clays (eg. at M4, M8, MIG, M5, and MZ24:; Fig. 23). An estimate
of the area of recently covered lake bottom could be made
from ouw present data altheough more cores would be reguived
to establish the precise amount and to estimate the total
mases of catchment peats inwashed since 1263. The possible
influence of this on the acidification of the lake would
depend on the cation exchange capacity of the late-glacial
clavs and the area of clays covered by the inwashed material,
and on  any reduction of within~iake alkalinity generation
cauvsed by the abrupt changes 1in sediment type in contact with
the water.
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9.5 Vegetation and land-use history

The size of the sediment hiatus limits the potential of the
sediment sequence as a record of lake and catchment history
to the early post-glacial period and to the post 1800 period.
For the early period the pollen record shows a typical forest
sequence for this part of Scotland with a pre-boreal and
horeal pine~birch forest being replaced by mixed deciduous
woodland as climate improved and woodland trees migrated from
southern refugia. The precise correlation with other local
profiles reguires 140 dating.

The post 1BOO pollen spectra are characteristic of upland
hianket peat sites, dominated by Calluna, Cyperaceae,and
Gramineae, although +ftree pollen from lower altitude sites
are present. Throughout the period there {s evidence of

catchment disturbances possibly as & result of fires
indicated by high Calluna values, low Isoetes values,
peaks in LOI  and BIRM, and, in the case of the 1%6-208 om
event (Fig., 14y, a major increase in Cyclotella comensis,

a planktonic diatom. Although the pollen record shows an
increase in coniferous pollen in the uppermost sediment, the
nest evidence fTor the afforestation of the catchment in the
1960°'s is the very pronounced increase i the organic content
of the sediment and the sudden increase in rate of sediment
accumulation following the ploughing and subsequent erocsion
of peats in the catchment.

D6 Air guality history

Almost all lake sediments in industrial areas are
characterised by elevated concentrations and fluxes of heavy
metals in recent ssdiments. Loch Fleet is no exception but
the record is less easy to read because of the hiatus and
because of the effect of the major inwash. The absence of
sediments between SO0 BF and 1800 AD prevents the
establishment of baseline trace metal values for the period
immediately prior to the industrial revolution. Baseline
values from the pre S000 BF sediments at Loch Fleet and from
more recent sediments at closeby sites eg Found Looh and lLoch
Encch can be used as substitutes {Battarbese et al. in
prep.). For Loch Fleet the early post-glacial fluwt for Fb
was leses than 1 wg cm—2Z yr~1, derived from the catchment.
The modern flux of about 100 ug co—2 yr—1 is a measure of the
enhanced fluxw from atmospheric sources. A clearer indication
of the atmospheric component of these trace metal fluxes can
he seen irn the sediments of lakes with uandisturbed
catchments.,

The carbonaceous particle record also reflects air pollution
history but in a somewhat differsnt way. It specifically
represents  the deposition of particles from feossil  fuel
combustion processes and much of  the material is likely to
he derived from power stations. The carbonacecus particle
record in the L. Fleet sediment is strongly influenced by
the inwash event and by the speed of accumulation of sediment
prior to the inwash. As a result the record, when compared
to less disturbed systems, is rather patchy and clesar trends
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are only ohbhserved in the uppermost post-1%70 sediment (Fig.
22 . A very marked rise in oconcentration ang  flux  of
particles can be seen over this time interval. This 1s
atypical fTor the non-aftforested sites so far studied and
suggests SOme relationship netween  the deposition of
particles and the growing forest. A similar change is shown
by the magnetic parameters over the same time interval (cf
Fig. 1%) and possibly suggests a common origin for  these
materials.

2.7 Lake history — evidence from the diatom record

The diatom diagram as yvet only includes the upper 240 cm and
iz considered to represent the post hiatus (peost abouwt 1800
ADY sediment and the upper part of the pre-hiatus sediment
{pre abouwt SOO0 BF). The hiatus is thought to cccuwr at about
the Z10 cm level (Fig. 27}).

The esarly ningteenth century sediments contain & diatom
assemblage typical of pre-acidification Galloway lakes and is
particularly similar to the pre—-1900 flora of Loch Dee. The
planktonic species Cvciotella kEutzingiana isg well
represented and the pH reconstruction gives & value of pH
& Cha Evgapt Tor a very pronounced peask of Cyclotella

comensis at aboput ZOO-208 om there is virtually no change
in the flora until about 100-110 om. There 1is also little

difference between the assemblage at 240 ocm, which we assume
o relate Lo mid post-glacial times and the pre-afforestation
flora suggesting either that conditions have remained the
same for at least S000 years prior to the post afforestation
acidification or that conditions have returned to those of
the mid FPostglacial following a change that is not recorded
due to the presence of the hiatus. It is possible that the
. comensis peak is a remnant of that assenblage. This
latter interpretation, however, is far less likely than the
farmer since stability over such long pericds have been
demonstrated from other Salloway sites (Jones et _al. 19860,

The early C. comensis peak is particularly interesting in
this context since 1t clegarly represents a short lived
disturbance in an otherwise stable system. DSuch a stimulus
to the plankton is likely to be the result of a sudden
putrient inwash that could only be derived at that time from
a severe burning of the catchment. This event is recorded
independently in the pollen. diagram, in the magnetic record,
and in  the LOI record (Figs 16 % 17) and taken together
suggests there was a peat inwash at that ftime. I the pollen
record  there is5 a very pronounced decrease in Isoetes, a
species well khown to be sensitive to turbidity and light
penetration, and & significant peak  in Calluna and
Sphagnum spores that could be caused by a soil inwash.
SIRM and ARM values also peak at this time and there is a
spike in  the LOI profile {(Fig. 16} indicating an inwash of
organic material. A small increase in the Fb concentration
at this point (Fig. 1%} alsg seems to be related to this
event.

Despite this event the stability of the flora wup to the
point of afforestation in 1943 15 remarkable since at  all
other sites on granitic rocks so far examined in Salloway
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acidification has occurred in  the nineteenth century or
shortly thereafter. Even Loch Dee that has a substantial
part of its catchment on non-granitic rocks shows a clear
acidifiction from about 1890 onwards:; Loch Skerrow, similarly
situated last its Cyclotella plankiton in the nineteenth
century, and Lochs Brannoch, Enoch, Valley, and  the Round
Laoch of Glenhead, sites wholly on granmite completely lost
their alkalinity during this period. For L. Fleet there is
e tendency towards acidification despite the increased acid
loading that is likely to have taken place especially in the
period from 1930-1970. The implication of all this is that

there must be one or a number of sources of alkalinity in the
Loch Fleet catchment that do not occcwr orF are not as
important at other sites, even the neighbouring Loch
Grannoch. In tfact the pH reconstruction, as well as the
presence of a well developed plankton in L. Fleet show that
L. Flest has probably had a significantly higher alkalinity
tharn L. Gramnoch throughout the recent ftwo centuries.

The sffect of the ploughing and afforestation at 110 cm
(19673 is dramatic 1o the plankton and for the
meroplanktonic Melosira tara all of which decline to almost
zero values, but has little effect on the attached flora,
mapecially the circumneutral Anomoeonel s vitrea and
Achnanthes minutissima. The difference in response between
the two habitats suggests that the inwash of catchment peats
is not an important acidifying event. Its influence on the
plankton is more likely caused by increasing water turbidity
and decreasing light penetration (a sharp drop in  Isoetes
spores also ococurs at this  times. The small drop in the
reconstructed pH  values may be partly real, parily an
artefact of this habitet loss. An almost identical change
coouwred in the Round Loch at 40 om, when the plankton
decreassed, and Isagetes decreased in response to peat
grosion somne 3-400 years ago oF more.

The contrast with Lochkh Grannoch at this time is striking.
ite Loch Fleet the catchment was afforested in the early
1960 s but the pH of the lake has declined to about 4.5 prior
te afforestation. Following aftforestation there was a small
increase in  reconstructed pH which we argued was not related
to & change in water guality but to the input of
acidophilous diatoms with the eroding peats (BEattarbee %
Flower 19685). We expected a similar story at Loch Fleet but
the situation here is clearly different. There 1is no
pre—-afforestation acidification, and although there i858 a
tremendous peat inwash it cannot have contained many diatoms,
since the post-afforestation diatom assemblage is dominated
by circumneutral taxa that would not be found in peats and
e diatom concentration is proportionately diluted by  the

increased sediment  agcunulation  (of  Fig. E8). We can be
confident therefore that the water pH in  the lake for the
e i od shortly after aftforestation was close to the

reconstructed pH of $5.7-95.8 suggested by the diatom model.
In fact the data indicate that these conditions continued
until wvery recently and after the period of maximum inwash.

A very sudden and acute acidification of the lake is

registered in  the uppermost 20 cm of sediment. The 210Fb
dates suggest that this is equivalent to about 1975-46. The
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diatom changes that take place are identical to  those
ohserved at other sites over much longer fime periods.
Tvpically frnombeonets vitrea and Achnanthes minutissims
decline and EBunotia veneris increases, and then as the lake
permanently loses 1ts alkalinity Tabellaria guadriseptasta,
Tabellaria bDinalis and other acidebiontie tara take over.
in Loch Fleet this sequence 13 compressed into a 10-13 yvear
period and is more reminiscent of the rapid changes that have
taken place in Sweden and Finland than in  BGalloway. It
is even more remarkable that 1t occws at a time when
acid deposition has been decreasing.

3.8 Causes gf acidification

I it is assumed, as seems reasocnable, that the major inwash
is caused by the 1941-3 desp ploughing of the catchment, a
feature that is  independently dated to about 1944 by 210FD
analysis, the following conclusions can be made:

i, No acidification of the lake ococwrred wntil at least 1960

2, Initial catchment ploughing and planting did not cause
acidification although it did cause an abrupt elimination of
the diatom phytoplankton, probably becawse of a gudden
deterioration in light climate associated with inwashed
material,

3. Scute acidification of approximately 1 pH unit from about
S.46 to 4.6 ccourred starting in the mid 1970's.

It has been argued above that the lack of early acidificsation
compared to other sites in the region must be related to
unknows sources of alkalinity in  the catchment, and that
these sources were able to neutralise the effects of acid
deposition and any additional acidity caused by peat drainage
and erosion even at  the peak of these influences in the
1960 '=,  The main acidification ococurs at &2 time when acid
emlsslons {and deposition} have been declining. Acid
deposition cannct therefowwe be the dirgct cause of the
acidification.

Two main catchment changes have taken place during the last

20 vyears, the afforestation and the halting of catchment
burning and grazing in  the non-afforested part of  the
catchment. Although periocodic buwning may have agroduced

temporary nutrient and alkalinity pulses (sge above for
example) there is no evidence that a halting of this process
can cause the kind of acidification recorded here {(Jones
et al. 1984}, Indeed the process is so rapid that 1f it
were the cause aridification trends between burnings would be
evpected in pre-afforestation times, and this is not the
CASE .

The effect of afforestation, on the other hand can be more
dramatic. The data suggest that scidification began when
the forest was  about  10-12  vyears old. It has been
astablished that throughfall and particularly stemflow 15
much more acid than incident precipitation in maturing Sitha
sprruce  stands in the Loch Fleet catchment and  that further
acidification can pococur in the litter layver (Nesbit & Leach
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PEFES. COmme ). fn places where ihe wnderlying soils have
iittle neutralising capacity this acidity 1s likely to be
passed on to swface waters.

F.9 Implications

9.%,.1 Mechanisms of acidification involving afforestation

it seems heyond doubt that the acute acidification of Loch
Fiegt is associaeterd with afforestation but our cobhservations
suggest that initial ploughing and planting are not the
CRUEE. The acidification ocecurs well after the establishment
af the forest, Either the trees themselves are the source of
considerable acidity through cation exchange by the needles
or, despite the recent fall in acid deposition, they become
very sffective scavengers of acid aerosols when they are 10+
yvears old.

Other factors may also be invelved. It is interesting to

roate  that the acidification is coincident with steeply
rising flustes of carbonaceocus cenospheres and magnetic
minsrals of atmospheric origin in the sediments. This

pattern is unlike non—afforested sites and suggests that the
forest may enhance dry deposition over the lake surface.
And a further factor might be the loss of lake newtralising
capacity caused by the covering of mineral sediment in the
lake by eroded peats following the catchment plouwghing.

Some of these putative mechanisms are related only to
afforestation processes but  others point to an interaction
Bertwesn the forest and & polluted atmosphers. A comparison of
Loch Fleet with a similarly afforested site 10 an area of low
acid deposition would allow some of these inferences to be
evaluated.

F.%. 2 Sources of alkalinity.

Sinmce the main inflows to the loch outside the planted area
are highly acidiec the sources of alkalinity in  the catchment
are not obvious, which suggests they must be associated with
groundwater flow and are not readily apparent. It they are
associated with the afforested side of the catchment or are
derived through the lake sediments the sudden collapse of
neutralising capacity would be easier to sxplain.

Y.9.%  Fish history.

Loch  Fieet had a good brown  trout  fishery up  wunitil  the
1950 5., Duwe  data on loch acidity is consistent with this,
arnd the situation contrasts markedly with the situation on
the Loch Doon granite where marked declines in fish stocks at
Loch Enoch, Rouwnd  Loch (23, and L.och Dees, all followed
evidence from the diatom record of earlisr acidification.
In Loch Fleet the fish decline can be divided into thres
stages, the initial decline in the wmid 1930's, the drop to
residual levels in 19659, and the elimination of fish in 19735,
{Fig. 31).
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Clearly the euplanation for  these changes is more compled
fhan originally thought. The initial declinge occurred at a
time when general water guality for fish survival in the lake
was gooad. However, following the above discussion on sources
of alkalinity, it is  likely that many of the catchment

streams  were strongly acidified as & result of acid
deppesition by this time and spawning in the main inflow wistl o
presumably have become very poor at a time when considerable
fishing was taking place (lLoch Fleet News 5. We  would

therefore attribute this early decline to

poor recrul toent, although this would be to some extent
invalidated were the oubtflow stream an  important spawning
area or were there a higher alkalinity spawning stream in the
atfforested area. It this ware bhe case then overfishing or
unsuitable stocking (7)) could have been the main cause of the
decline. The most significant decline in fish stocks occwred
hetween 1964 and 1968, the vyear after the catchment was
planted. The dramatic erosion following the ploughing of the
catchment has alresdy been described. It led to the loss of
the phytoplankton and to a wmajor reduction in the growth of
Isoetes, the dominant submerged macrophyte in the lake. It
would not be suwrprising if this event also caused a sudden
deciine in  the Tish population to residual  values. The
inwash was short-lived but  the fish population did not
recover deepite the reasonable guality of the lake water. 1t
a spawning site had ewisted in  the now-afforested area this
wosl g o longer be available, and the only spawning area with
suitable water guality in the late 1960°s and early 1970°s
would have been the outflow. Howsvetr army Cchance of a
recovery from  this base would have been eliminated when the
lake water itseld becams agidified in the 1970's. The last
fish was caught in 1975; perhaps & coincidence but  at
precisely the time the acute lake acidification took place.

e wiralel  argue  therefore that the tish history 1s

related to the forest history and acid deposition history,
in a complex interrelated way.

9,.7.4 Management policy.

14 we are right then the natural way to restore a viable
fish population to the loch is not Lo lime nlg A ERT gl g but
to carsfully clear the gatchment of trees, and to locate the
natural spawning areas of trout that undoubtedly cccuwrred in
the 19%0°'s, when acid deposition was probably at similar
levels to today. These must have been in the afforested ares
pr in the putflow, since the non-afforested inflows are
acidified and must have also been acidified in the 1930's,

The data presented here clearly indicate that Loch Fleet is
rot btypical of the many lakes throughowt  the United kKingdom
where agidification has occocuwrred over the last century and
has besn primarily dus to acid deposition. It may prove Lo
he more representative of lakes that have onhly become
acidified very recently either as a result of afforestation
ar as & result of 8 combination of forest growth and acid
geposition.
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