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1)

2)

3)

4)

5)

6)

7

This report provides an interpretation of da
collated by the United Kingdom Acid Waters
Monitoring Network (UKAWMN) over the ten
year period April 1988 - March 1998. It alsc
draws on data from the UK Acid Depositior
Network which has been operating since 198

Between 1986 and 1997 sulphur emissiol
from the UK declined by approximately 57%
while those from the rest of UNECE Europ:

declined by 45%. UK emissions of oxides c8)

nitrogen (NQ) declined by approximately
14%.

Over the same period non-marine sulphi
deposition (i.e. of anthropogenic origin) in th
UK declined by approximately 52%, but the
majority of the decline was dry depositior
(61%). Wet deposition reduced by 42%.

Rates of decline in sulphur deposition ai
geographically skewed. In areas close
emissions sources, i.e. central and southe
England, large reductions have occurred in tl
flux of wet and dry sulphur deposition and i
the sulphur concentration of precipitation
Smaller but significant declines have occurre
at intermediate distances from source
Although there have been reductions in sulph
deposition in the acid sensitive, high rainfall
west coast areas, these are much smaller tl
the reductions in sulphur emissions. Indeed

many of the high rainfall deposition monitorin¢9)

sites trends in sulphur deposition are ni
statistically significant.

Small but significant increases ir
concentrations and deposition fluxes of nitra
(NO;) are evident at west coast and remo
monitoring stations.

It is the aim of this report to investigate to whs
extent emissions reductions have influenced t
surface water chemistry and biology of aci

Executive Summary

marine sulphate (xS concentrations have
been recorded at UKAWMN sites in the ‘close-
to-source’ regions, i.e. at Old Lodge (southeast
England) and the River Etherow (Pennines). A
smaller, but still significant, decline has
occured at Lochnagar (northeast Scotland).
Nineteen of the twenty-two UKAWMN sites
have shown no significant trend in xgO
concentration.

There is a clear spatial relationship between
nitrogen deposition and NQconcentration in
UKAWMN freshwaters. N@ concentrations in
the most remote sites range from low to below
detection limits. In these relatively low
pollution environments nitrogen can limit
terrestrial primary productivity, in which case
virtually all nitrogen inputs are expected to be
retained by catchment soils. Enhanced nitrogen
inputs can result in catchment saturation and
nitrogen leaching into surface waters. Since the
latter is likely to be accompanied by hydrogen
ions in sensitive catchments, the phenomena of
nitrogen saturation presents a serious threat to
acid sensitive waters. Positive linear trends
have been identified at four sites which may
reflect increasing saturation of their catchment
soils. NG, concentrations at Lochnagar appear
to have undergone a step-change increase
which reflects a transition from a seasonal
pattern to year-round leaching.

NO; concentrations have shown considerable
inter-annual variability which appears to relate
to climatic differences between years. Variation
in NO; concentration can be linked to winter

values for the North Atlantic Oscillation Index

(NAOI), a synoptic scale variable which

represents inter-annual variability in the
relative dominance of westerly versus north-
easterly weather conditions over the UK. At
most sites N@leaching has been highest after
the coldest (most negative NAOI) winters.

sensitive freshwaters throughout the UK. Th10) Upward trends in pH, and/or alkalinity, have

UKAWMN consists of eleven lakes and eleve
streams which have been monitored chemica
and biologically over the last decade. Historici
reconstructions, based on sediment cores, h:¢
demonstrated that at least nine of the lakes he
become more acid over the last 150 years a:
result of acid pollutant deposition. It is likely
that most streams are also in an acidified stat:

Over the period of analysis covered by th
report (1988-1998) large declines in non

been identified at seven sites. This is surprising
since there is no indication of downward trends
in acid anion concentrations at the same sites.
Due to the absence of this link, and for other
reasons explored in this report, it is too early to
categorically attribute these trends to long term
chemical recovery from acidification. At the
three sites with declining x§@oncentrations,
NO; has increased, resulting in little overall
change in total acidity. At Old Lodge and the
River Etherow, base cation (i.e. calcium,
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magnesium, potassium and sodium)
concentrations have decreasedhese
increases in acidifying N and/or
reductions in acid-neutralising base cations
appear so far to haveffeet any positive
influence of xSQ decreases, where
observed, on surface water acyditAt
Lochnaga the decline in xS has been
smaller than the increase in B@nd this site
has continued to acidgif

11) Concentrations of chloride (derived mainly

from sea-salt inputs during winter) at
UKAWMN sites with westerly locations

(based on sea-water constitution) is used to
estimate the proportion of total @hich is
derived from marine and non-marine
sources, errors are likely to occur in the
estimate, depending on the prevailing sea-
salt regime. Non-marine S@oncentrations
may therefore be underestimated during
periods of high sea-salt inputs and
overestimated when inputs arewloThis
effect may have masked the small reductions
in actual non-marine SQOconcentrations
expected at some sites at intermediate
distance from source areas.

have shown cyclical variation over thel4) Longer term datasets (from the early to mid-

monitoring period and this is highly
correlated between sites.  Chloride
concentration variability can be linked to
inter-annual variations in winter storminess,
which influences levels of sea-salt
deposition, and, once again, to the winter
NAOI.

12)At the same west coast sites, cyclical

variation is also apparent in the

1980s to the present), available for streams in
north Wales, Galloway and éhTrossachs,
and a loch in Gallowa demonstrate clear
declines in xS and corresponding
increases in pHThese underlie variations
due to climate oscillations described above
and provide the strongest evidence that slow
chemical recovery from acidification is
underway in some areas of the UK.

concentrations of non-marine base-cation5) Significant increases have occurred in

and, in some cases, hydrogen ion and labile
(biologically available) aluminiumVvariation

in these ions appears to be driven by their
displacement from catchment soil ion-
exchange sites by marine cations deposited
in sea-salt. Inteannual variation in pH and
alkalinity may also have been influenced by
variations in rainfall, which determines the
proportional contributions of relatively
alkaline base-flow and more acidic surface
run-df. Trends in pH and alkalinit where
identified, may therefore primarily reflect a
response to a decline in winter storminess,
from the early 1990s to the end of the
interpretative period, rather than a decline in
acid depositionThe relative roles of these
two dfects will only become clear with
further monitoring.

13) SQ occurs both as an acidic pollutant and,

naturaly, in neutral salts in sea-water and
sea-spra. Analysis suggests that SO
storage by catchment soils may be enhanced
following periods of high sea-salt inputs.
Converse}, when sea-salt inputs are low and
total SQ concentration in soil water
declines, stored SPmay be released.
Chloride on the other hand behaves
conservativel, passing more rapidly into the
drainage network. Since a fixed 30! ratio

Dissolved Q@ganic Carbon (DOC)
concentrations at nineteen of the twenty-two
sites in the NetworkThis is potentially of
great importance to the Network, since an
increase in manic acids could reduce, or
even negate, reductions in acidity expected
from declining mineral acid inputsThe
remarkable spatial consistency suggests a
general pattern of rising DOC levels in UK
upland freshwaters.It is currently unclear
whether these increases have been matched
by an increase in water colpuand the
molecular form of the DOC which has
increased is not known. Mechanisms for the
increase are also unclear at this stage,
although the most probable hypothesis is
considered to be increased microbial
decomposition of soil manic matter
resulting from increasing summer
temperatures. UK summer temperatures over
the last decade have been significantly higher
than the long-term (i.e. last 30 year) mean.
Under a scenario of rising global
temperatures, therefore, DOC may be
expected to increase furthén lakes, a rise

in water colour could have the detrimental
effect of reducing the depth of penetration of
photosynthetically active radiation, required
for plant growth. On the other hand,
increasing colour would also provide aquatic



organisms with additional protection from
exposure to UV-B radiation which is
increasing in mid-latitudes. DOC has also

probably result from physical disturbance
rather than chemical change.

been shown to reduce fish mortality undef0) Linear trends have been detected in epilithic

acidic conditions by both reducing the
concentration of toxic labile aluminium (by
complexing with it) and by reducing the
toxicity of the remaining fraction.

16) The identification of climatically driven

cyclicity in estimated xSg NO;, acidity and
other important measures of surface water
quality has major implications for detection
of recovery-related trends, applicable both to
the UKAWMN and to other monitoring
programmes. Cyclical variations have the
potential either to mask underlying
anthropogenically driven trends, or to
generate apparent trends as a result of natural
processes. Since these variations appear to
operate at approximately decadal timescales,
there is clearly a need to monitor over longer
time periods in order to fully characterise the
impact of anthropogenic factors on surface
water quality.

17) Spatial biological comparisons of multi-

species datasets, i.e. epilithic diatoms
(unicellular siliceous algae which grow
attached to rocks), macroinvertebrates (non-
microscopic aquatic invertebrates), and

diatom species assemblages at nine sites and
five of these are indicative of an amelioration
in acidity (i.e. recovery) while one is
indicative of further acidification. Trends at
three sites indicative of amelioration are
consistent with linear trends in acidity
established from analysis of water chemistry.
Linear change at other sites may also be
indicative of biological recovery, although as
there is no evidence for sustained year-round
chemical improvement at many of these, it
would seem that other factors, most notably
climatic, may be involved. Generally,
temporal variation in acidity in lakes is
reflected by variation in epilithic diatom
species composition. This suggests that for
lakes, chemical recovery should lead to rapid
recovery of this important group of primary
producers. At stream sites, inter-annual
variation can be closely linked to variations
in the summer rainfall regime, suggesting
that flow-governed acidity at this time of
year may be the primary factor in influencing
the species assemblage. Trends indicative of
recovery are therefore likely to take much
longer to identify for streams than for lakes.

aquatic macrophytes (larger aquatic plants21)Linear trends have been detected in

demonstrate a generally positive relationship
between the number of species found and
pH. Trout densities show a roughly
exponential decline with increasing labile
aluminum concentration, and healthy
populations are mostly restricted to sites with
a positive ten-year mean Acid Neutralising
Capacity (ANC, calculated as the difference
between the sum of concentrations of base-
cations and acid anions).

18) Multi-species biological datasets have been

subject to linear time trend analysis to test for
uni-directional change in  species
composition over the monitoring period.
Where detected, changes may be indicative
of biological responses to changing acidity
status  (i.e. ‘recovery’ or further
acidification).

19)Linear trends in aquatic macrophyte

assemblages were identified at five sites.
These reflect reductions in overall cover
rather than a turnover of species, and

macroinvertebrate assemblages at eleven
sites, but trends at only three are indicative of
an amelioration in acidity, and only two of
these are consistent with linear changes
identified in water chemistry. Linear trends at
most of the eleven sites, mainly lakes, can be
linked to the declining influence of winter
storm activity over the monitoring period. A
particularly high proportion of variance
between years in the assemblage can be
explained by the January NAOI, for those
sites where the January NAOI is well
correlated with Cl concentration and winter
rainfall. This suggests that variation in the
macroinvertebrate assemblage may be
primarily driven by inter-annual variation in
the severity and/or duration of acid episodes
resulting from the effects of sea-salt
deposition and cation dilution. If this is the
case, macroinvertebrate communities may be
expected to show long term, but punctuated
(i.e. non-linear) recovery as the intensity of
the most acid events gradually declines with
decreasing deposition. However, other
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climate-related physical effects, such as
water level oscillation, cannot be ruled out as

driving factors at this stage.

22) Llyn Llagi, in north Wales, and Loch Chon,

in the Scottish Trossachs, are the only sites

which show trends indicative of improved
conditions in both epilithic diatoms and

macroinvertebrates, and concomitant

reductions in acidity according to water
chemistry. For Llyn Llagi, a comparison of

the diatom assemblage of sediment trap
samples (collected since 1991) and samples

from a sediment core (taken in 1990)

demonstrates that recent changes in the
diatom assemblage of newly deposited lake
sediment are approximately the reverse of
those which occurred during the latter stages

of acidification. This provides powerful

evidence that biological recovery, at least at
the lowest trophic level, is underway at this

site. Similar changes in sediment

assemblages which are indicative of recovery
have occured in Loch Chon. However here it
is possible that these may at least in part
reflect a response to a reduction in the

influence of climatically enhanced acidity
over the monitoring period.

23) Few linear trends are evident in trout density

or condition factor. The mobility of fish,
relative to other biological groups monitored,
adds to overall sample variability and for

most sites it is likely that several more years

of monitoring are required to allow the
possible identification of trends. However,

there has been a significant increase in the
density of trout at Old Lodge in southwest

England. This is mirrored by a decline in

labile aluminium concentration and suggests
that recent improvements in water chemistry

when, and where it occurs.

b) Problems have been identified in the
estimation of the temporal variation in
SO, from non-marine sources and this
could account for the absence of evidence
for declining xSQ at some sites. Further
work on data from sites with co-located
deposition monitoring stations may begin
to address this problem.

c) Where detected, declining acid anion
trends have not been accompanied by
detectable amelioration in acidity to date.
The period of time required for the onset
of a measurable recovery response in
buffering cations is as yet unclear.

d) Deposition of N@ may be increasing
slowly in more remote areas, while
continued accumulation of anthro-
pogenically derived nitrogen may
eventually lead to nitrogen breakthrough
and hence further biological damage at
some sites.

e) Widespread increases in DOC may be
hampering chemical recovery, but the
cause and effects are currently poorly
understood.

f) Inter-annual variability in water chemistry
and biology is considerable, relative to
expected rates of recovery. A significant
proportion of this variability can be
explained by climatic influences.
Continued monitoring should allow the
guantification of climatic effects and
therefore more sensitive detection of
potentially underlying trends.

may have allowed the upstream migration 025) UKAWMN data are becoming increasingly

fish from better buffered waters downstream.
Since the decline in labile aluminium appears

to be partly influenced by reductions in

marine ion deposition, it is unclear to what

extent this apparent ‘recovery’ will be
sustained in the short-term.

valuable in the testing and calibration of
acidity prediction models such as MAGIC
(Coshyet al, 1985) and FAB (Poscét al,
1997).

26) Data from UKAWMN sites are becoming

increasingly important to wider monitoring

24) The analysis of the 10 year dataset has networks, including the Environmental
highlighted several important issues and Change Network (ECN) and the UNECE ICP

uncertainties:

a) Chemical and biological ‘recovery’is very

slight at this stage, but is predicted and

needs to be identified and quantified, if,

(International Cooperative Programme on
the Assessment and Monitoring of
Acidification of Rivers and Lakes).
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Introduction

Alan Jenkins

The processes that link the emission of acidifyirmulti-effects and multi-pollutants (sulphu
pollutants to the atmosphere, their transport anitrogen, ozone and volatilerganic compounds)
deposition and the subsequent acidification of sowas signed to introduce yet further reductions in
and freshwaters arergely understood and well emissions of acidifying pollutants.
documented (e.g. Reuss & Johnson, 198&k
major pollutants of concern include oxides cThe impact of the measures adopted to reduce
sulphur and nitrogen derived from the burning (acidic emissions should be reflected in long term
fossil fuels and ammonia derivedrdaly from trends in water chemistry and biology at acid-
agricultural sourcesThese acidifying pollutants impacted sites. Identification of trends in long term
undego chemical reaction in the atmosphere, adata, howewe is often complicated by changes in
carried by the air over ige distances from their sampling frequeng analytical techniques and
sources and deposited as gases, aerosols laboratories. Te UK Acid Watess Monitoring
dissolved in rain wate Acidification of soils Network (UKAWMN) was established in 1988 to
begins immediately as base cations are stripgprovide a consistent water data record for
from the ion-exchange complex and baschemistry and biolog across a range of acid-
saturation decreases. If the rate of supply of beéimpacted sites, with which to assess the impact of
cations from primary weathering in the catchmeireducing emissions of acidifying pollutanfBhe
is less than the incoming flux of strong acid anioninterpretation of trends at each site is underpinned
the base cation store in the soil becomes depleby complimentary information from theKUAcid
and hydrogen ions and aluminium species wDeposition Monitoring Network and this allows
accompany acid anions into the surface watthe link between emission reductions and
promoting acidification The impact on biota atmospheric deposition to be evaluated. It is
results both from the toxicity of high hydrogen iolunlikely that emission reductions will translate into
concentration and from the increased toxicity cuniform deposition reductions across the whole of
aluminium at lower pH, and is manifest irthe county.
decreases or loss of populations at all tropf
levels. This report presents the results of analysis of the
first ten years of UAWMN data Analysis of ten
The first legislation aimed at reducing S emissiotyear trends at UKWMN sites in Chapters 4,5 and
was signed under the auspices of the Unit7, is augmented by a brief analysis of a few longer
Nations Economic Commission for Europiterm, high quality chemistry datasets in Chapter 6.
(UNECE) Convention on Long-RangeThese Chapters are preceeded by an overview of
Transboundar Air Pollution in 1985 (the First recent analysis of data from theKUAcid
Sulphur Protocol) The signatory countries Deposition Monitoring Network (Chapter 2) which
committed themselves to a 30% reduction in sets the recent acid deposition regime in spatial and
emission relative to 1980 levels by 1998e UK temporal contexts.
did not ratify this protocol but still achieved the
required emission reductions. In 1994 a SecoAnalysis has focussed on the identification and
Sulphur Protocol was signed under which the Uquantification of time trends in chemical and
agreed to a c. 80% reduction in emissions, ag:biological data which may point to improvements
relative to 1980, by 2010rhe UK emissions are (i.e. recovery), stable conditions or further
currently on track to meet thisr¢gget. In addition deterioration The link between chemical and
there have been various EU Directives bindirbiological recovery is likely to be non-linear and
member states to similarrggets. For nitrogen, the significant time lags are expected, particularly for
first UNECE protocol was signed in 1988 anthose eganisms at the higher end of the food chain.
committed to a stabilisation of the emission (Generally therefore, trends in chemistry and
oxidised nitrogen compounds at 1987 levels tbiology have been analysed in isolation and results
1994. In 1999, a further protocol incorporatinhave been integrated qualitatiyelln addition,

m 11



Introduction Chapter One

attention has been paid to the nature and causes
of inter-annual variability in UKAWMN data, a
significant proportion of which can be linked to
variations in climate. Given the relatively large
inter-annual variation observed in most datasets
relative to changes with time, it is vital that these
sources of ‘noise’ are better understood, so that
underlying recovery trends may be more readily
detected in future.

12m



Spatial and temporal variability in the deposition of
acidifying species in the UK between 1986 and 1997

David Fowler &
Rognvald Smith

m 2.1 Introduction

Prior to 1985 monitoring of precipitation chemistnweather during the same period. Howewbe
in the UK was limited to a small number ochanges in sulphur emissions aregéain both
locations, and a range offfdirent protocols were absolute and relative terms, and follow important
used These scattered data showed that rainfipolicy decisions within the UK and elsewhere in
acidity was similar in the UK to that in Scandinavi Europe.
(Fowler et al, 1982; RGAR, 1983). Howeeit
was not possible with the limited data and tFThis short chapter is therefore centred on an
range of protocols for collection and analysis 1analysis of the available measurements to show the
map rain chemistry over the UK, and depositicdegree to which the emission reductions have
budgets for the major pollutants were highlmodified the concentrations and deposition of
speculative. acidifying pollutants in the UKThe context within
this report is on freshwater composition and
The UK monitoring network for precipitation ultimately the biological and ecological health of
chemistry was set up during the mid-1980:the freshwaters within the UKWet deposition of
following a recommendation of ¢h Acid acidic pollutants in the acid sensitive uplands of
Deposition Review Group (1985), and providewestern and northern Britain is therefore the central
the first complete map of wet deposition caspect of the analysis.
pollution for the UK in 1986 (RGAR, 1990Jhe
monitoring from 1986 to 1997 covers a period (The UKAWMN, established in 1988, provides a
marked changes in emission of the primaislightly shorter period of measurements with which
pollutant SQin the UK, which declined from 1966 to compare deposition and surface water chemistry
KT S in 1986 to 830k S in 1997 (Figure 2.1). patterns This chapter briefly describes the
Other pollutants which contribute to soil anavailable deposition measurements, the temporal
catchment acidification include the oxides cand spatial patterns in annual deposition for the UK
nitrogen NO, and N@which are oxidized to N9 as a whole.
in the atmosphere and Nkvhich when deposited
may acidify soils following uptake yb and The deposition data show considerable risite
incorporation into, vegetation. During the years variability in both concentration and deposition as
of the deposition monitoring networks, emissiora consequence of local orographitfeets and
of these pollutants in the UK have also changed tinteractions with local variability in weathés the
by a much smaller extent than S@Eigure 2.2). precipitation chemistry collectors are not, in
Pollutant emissions from other countries of Eurofgeneral, located close to WKVMN sites,
also influence concentrations and deposition in ticomparisons of temporal patterns in deposition and
UK, and in these countries sulphur (and to a lescconcentration are best between AWMN
extent NQ) emissions have also declined (Figurregional trends and wet deposition trends at the
2.1). same scale Within the last yeg four new
deposition stations have been sited within or nearby
The period of intensive measurements (he catchments of UKWMN sites, and these
deposition of acidity in the UK is short relative tcshould facilitate more detailed catchment specific
the natural variability of the weath&he observed comparisons in the future.
changes in atmospheric concentrations ai
deposition of the pollutant gases, Sé&hd NQ, To provide the necessary perspective in the
and their oxidation products in the atmospheranalysis, the temporal trends in the UK patterns of
SOs2- and NG, must therefore be considered ilwet and dry deposition are compared with trends in
parallel with seasonal and annual variability in tremissions of the major pollutant$he focus of the

m 13



Chapter Two

Table 2.1

Monitoring sites illustrated in Figure 2.3 for the DETR wet deposition network and the

UKAWMN.

Wet deposition monitoring network sites UKAWMN sites

Map  Site No Name East North  S0,2 Map Site No  Name East  North
Legend Group Legend

WD3 5004  Stoke Ferry 5700 2988 1 Awl 1  Loch Coire nan Arr 1808 8422
WD7 5009 High Muffles 4776 4939 1 Aw2 2 Allt a'Mharcaidh 2881 8045
WD10 5023 Preston Montford 3432 3143 1 AW3 3 Allt na Coire nan Con 1793 7688
WD11 5024  Flatford Mill 6077 2333 1 Aw4 4 Lochnagar 3253 7859
WD18 5117 Thorganby 4676 4428 1 AW5S 5  Loch Chon 2421 7068
WD19 5118 Jenny Hurn 4816 3986 1 AW6 6  LochTinker 2445 7068
WD21 5120 Wardlow Hay Cop 4177 3739 1 Aw? 7 Loch of Glenhead 245 5804
WD22 5121 Bottesford 4797 3376 1 AW8 8  Loch Grannoch 2542 570
WD25 5127 Woburn 4964 2361 1 AW9 9 Dargall Lane 2449 5786
WD26 5129 Compton 4512 1804 1 AW10 10  Scoat Tarn 3159 5104
WD27 5136 Driby 5386 3744 1 AWl1 11 Burnmoor Tarn 3184 5043
WD5 5007 Barcombe Mills 5437 1149 2 AWI12 12 River Etherow 4116 3996
WD9 5011 Glen Dye 3642 7864 2 AW13 13 Old Lodge 5456 1294
WD13 5106 Whiteadder 3644 6633 2 AW14 14 Narrator Brook 2568 692
WD15 5109 Redesdale 3833 5954 2 AW15 15  Llyn Llagi 2649 3493
WD16 5111 Bannisdale 3515 5043 2 AW16 16  Llyn Cwm Mynach 2678 3238
WD17 5113 Cow Green Res. 3817 5298 2 Awl7 17  Afon Hafren 2844 2876
WD29 5149 Hillshorough Forest 1369 5156 2 AW18 18  Afon Gwy 2824 2854
WD1 5002  Eskdalemuir 3235 6030 3 AW19 19  Beagh's Burn 1353 5879
WD2 5003  Goonhilly 1723 214 3 AW20 20  Bencrom River 1405 4820
WD6 5008 Yarner Wood 2786 789 3 Aw21 21 Blue Lough 1428 4825
WD14 5107 Loch Dee 2468 5779 3 Aw22 22 Coneyglen Burn 791 5508
WD20 5119 Beddgelert 2556 3518 3

WD23 5123  Tycanol Wood 2093 2364 3

WD24 5124  Llyn Brianne 2807 2492 3

WD28 5140 Achanarras 3151 9550 3

WD30 5150 Pumlumon 2823 2854 3

WD32 5152 Balquhidder 2545 7207 3

WD4 5006 Lough Navar 192 5212 4

WD8 5010 Strathvaich Dam 2347 8750 4

WD12 5103 River Mharcaidh 2876 8052 4

WD31 5151 Polloch 1792 7689 4

Table 2.2

UK sulphur emission and deposition 1986 to 1997 and the atmospheric budget over
the country (all values ktonnes)

Year 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
UK emissions 1966 1961 1923 1860 1882 1790 17531584 1354 1176 1014 830
I/Ps non-UK European 120 102 75 94 80 100 86 92 78 73 90 75
Dry deposition 262 246 234 227 201 231 185 187 159 123 125 102
Wet+cloud deposition 230 226 251 229 226 223 215 186 198 155 171 132
Total deposition 492 472 485 456 427 454 400 373 357 278 296 234

Exported emissions 1594 1591 1513 1498 1535 1436 14391303 1075 971 808 671

14m
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analysis presented in this chapter is adifficult to access in winter conditions, are very
examination of all available evidence ofwindy and a significant fraction of the annual
deposition data and surface water chemistry datgeposition may occur as snow and is not
to show whether there is evidence of recovery. loollected efficiently. However, as Figure 2.3
short, have we detected a signal of reduceshows, the monitoring sites cover the majority of
sulphur concentration or deposition in acidhe country and have proved suitable to define
sensitive surface waters? the regional distribution of precipitation
chemistry (RGAR, 1998).
The Acid Deposition monitoring network is
operated by NETCEN, while the wet and dryThe weekly and daily samples are used to define
deposition maps for the UK are provided by ITEhe precipitation weighted annual mean
Edinburgh. This chapter has been prepared froooncentrations of the major ions present in
the UK acid deposition monitoring data providedprecipitation, SG#-, NO;, CI, H*, Nat, NH,*,
by NETCEN and the maps and process studies Kft, Cg* and Mg*. These are then used to map
ITE. the patterns of concentration. The mapping of
precipitation weighted mean concentrations
B 22 \Wet and Dry DepOSition relies on Kriging methods (Webstetral, 1991),
assuming that the variation in space is locally
2.2.1The wet deposition network random even though there is a spatial correlation.

The composition of rain and snow is monitoredHaving mapped the precipitation weighted
at a rural network of 32 secondary sites usingoncentrations of each of the ions, the wet
bulk collectors mounted 1.5 to 2.0 m abovedeposition is calculated as the product of the
ground sampled weekly and 5 primary sites usingnnual precipitation amount obtained from the
wet-only collectors sampled daily (RGAR,UK Meteorological Office and provided at a
1998). (Figure 2.3, Table 2.1). scale of 5 km x 5 km. Met. Office data are used
because the precipitation maps are constructed
In general the monitoring sites are used to defingsing a much larger network of gauges (in excess
the broad spatial patterns in rainfall compositionof 2000), which sample at ground level. The
They do not sample the full range of theprecipitation chemistry network relies on just 32
distribution of precipitation amount or secondary sites and 5 primary sites and uses
composition. This is largely a practical constraintollectors mounted nearly 2 m above ground.
because the hill tops, where precipitation valueghe precipitation chemistry collectors have the
are largest, are generally avoided as such sites agvantage that they avoid some of the locally re-

m 15
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Figure 2.2
Trends in UK
emissions of NOy
between 1980 and
1997 and UK NH3
emissions in 1988
and 1996
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suspended contamination from soils but thewcidity. Rates of dry deposition dominate the
under-catch precipitation amount because of theulphur deposition inputs in regions with large
exposure of the collector to wind. ambient SQ concentrations (> 5 ppb) and
modest rainfall (< 1000 mm). The rates of
A further correction to the estimates of wetdeposition are quantified using a deposition
deposition is required because the Network doeglocity (V) at height (z):
not adequately sample the high precipitation
regions of the uplands where the wash-out of hill V(o = flux/iconcentration,,
cloud by falling rain considerably increases wet
deposition (Fowleret al, 1988, 1995). The and since concentration varies with height above
procedure used to modify the maps relies oground as a consequence of deposition, the
empirical observations of the relationshipdeposition velocity is also height dependent. The
between concentrations of major ions imrate of dry deposition of SOis regulated by
orographic cloud and that of the upwind seedestomatal uptake and leaf surface reaction of SO
rain (Dore et al, 1992). The orographic especially in the presence of surface water on the
enhancement of precipitation amount is assumaakgetation, and is sensitive to the presence of
to occur entirely through seeder-feedeother atmospheric pollutants notably NH
scavenging of orographic cloud. (Flechardet al, 1999).

The resulting maps of wet deposition werg-,, the other acidifying pollutants, NCand

produced at a grid resolution of 20 km x 20 kn}\IHg, rates of dry deposition are also regulated by

from 1986 to 1994 and have recently been . .
. . .~ surface processes. For hthe deposition rate is
improved to 5 km x 5 km using a revised

methodology which allows for the effects ofprimarily determined by stomatal absorption and
wind-drift of falling raindrops. overall rates of dry deposition are substantially

smaller than those of S(ODuyzer & Fowler,
2.2.1 Estimating dry deposition 1994). NH by contrast is deposited rapidly on to
most semi-natural vegetation (e.g. forest and

The removal of the reactive pollutant gases dnoorland).

terrestrial surfaces by dry deposition represents
the remaining major contributor to deposited=0r NH;, the surface-atmosphere exchange is
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Figure 2.3

Locations of UK
wet deposition
monitoring stations
(WD) and
UKAWMN stations
(AW)

The grouping of
sites(1to4)is
based on an
objective
hierarchical
clustering method
to distinguish the
broad categories
from the ionic
composition alone
(see Section 2.6)
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Figure 2.4 (a)

Dry deposition of
sulphur 1986 (a)
and 1997 (b) from
measured SO,
concentration field
and the ITE dry
deposition model
(Smith et al. 1999)

Figure 2.5 @

UK annual
precipitation
weighted mean
concentrations of
non-marine SO,2
in 1986 (a) and
1997 (b)
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Figure 2.6
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concentration of
Nat in 1997

peq 17!
above 160
130 - 160
115 — 130
100 - 1156
85 — 100
below 85

(b) Figure 2.7
‘ UK annual wet
deposition of non-

marine sulphur for
1986 (a) and

(@)

1997 (b)
kg ha™t y! kg ha™t y~!
above 40 B above 40
30 - 40 [ ] 30 - 40
20 - 30 ] 20 - 30
16 - 20 ] 16 — 20
12 - 16 ] 12 - 16
below 12 [ ] below 12

m 19



Chapter Two

Figure 2.8

UK annual wet
deposition of
NH,* - N (a) and
NOj3 - N (b) for
1997
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complicated by the bi-directional nature of thefertilized grassland, arable crops and urban
fluxes as a consequence of NHwithin the areas). A more detailed description of the dry
apoplast of vegetation. For heavily fertilizeddeposition measurement and modelling
crops the NHfluxes may represent net emissionprocedure is provided within the CLAG (fluxes)
over significant periods of the growing seasomnieport (1997). Individual parameters within the
whereas semi-natural vegetation and foresteposition model and their response to changes
represent an efficient sink for NHwith large in environmental conditions are provided by
deposition rates (Suttaet al, 1993). A detailed direct field measurements. There are two
treatment of the processes of dry deposition isontinuous S@dry deposition sites within the
outside the remit of this chapter and descriptiondK and approximately 40 SOconcentration
of the processes may be found in RGAR (1997nonitoring sites to provide the interpolated
and in review papers e.g. Suttetmal. (1993) and concentration fields for the UK.
Fowleret al. (1995).

The dry deposition of SQo the UK is illustrated
The maps of dry deposition are provided byn Figure 2.4a for 1986 and 2.4b for 1997. The
measured concentration fields of the pollutantnaps show a large change in the absolute values
gases and application of a process-based mod#ldry deposition especially in the source areas of
of the deposition process (Smigt al, 1999). the east Midlands and Yorkshire. They also
The deposition is of course land-use specific, angveal the relatively small contribution of dry
land-use and land-cover maps are used to identifieposition in the areas of the west and north of
the major land-uses within the deposition gridhe UK, which are the primary focus of the
(forest, moorland, unfertilized grassland,UKAWMN.
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2.2.3 Cloud droplet deposition the source regions.

Wet and dry deposition represent the dominarfthe changes in S@ (and acidity) with time at
pathways for pollutant deposition, but for thosesites on the west coast of the UK are small and
areas of the landscape which are in cloud for largely non-significant.

significant part of the time, the direct deposition

of cloud droplets to vegetation represents amhe NH;*, NO; and H concentrations show
important contribution to the deposition totalsimilar spatial patterns with a marked east-west
(Crossleyet al, 1992). For sites at altitudesgradient and peak values in East Anglia. The
above 600 m in western Britain the cloudabsolute magnitude of the east-west gradient in
frequency lies between 3 and 10%, and at foreBiO5- concentration is similar to that in FOi.e.
sites above 500 m asl in the Scottish borderd0-50 peq N@ I-1 across the country in the most
50% of the sulphur and nitrogen input may beolluted areas. However, the relative gradient is
deposited as cloud (or occult) deposition. Théarger for NQ- because in the remote regions of
total deposition maps for acidity S and N for thenorthwest Scotland concentrations of N®ere

UK include cloud deposition, although for thevery small, typically 2-5 peq NOI-1in the mid
country as a whole cloud deposition is not a largg980s. The values in the polluted areas of 40-50

component. peq tt are therefore an order of magnitude larger
than those at the remote sites. Differences
B 23 Measured wet and dry between S¢¥ and NG concentration gradients
. also arise because of the presence of a
dep03|t|0n, 1986 - ]_997 background in the S@ concentration. Sea-salt
contains appreciable quantities of gOand in
2.3.1 Trends in concentrations calculating non-marine S@ a correction is

made for marine Spby assuming the €50,2

The concentrations of all major ions show larg@nd Nea:SO,2- ratios in bulk sea water apply in
regional variation over the UK. For the pollutanthe case of precipitation. At remote locations in
derived S@ in the mid-1980s the largest the west and north of Britain this is a reasonable
concentrations were in the east and south @ssumption, but in the east Midlands of England
England with mean concentrations of 80-100 pef! is present as HCI and non-marine” @i
ILand the smallest concentrations in northwegerosols from the high Cl coals produced from
Scotland (15-20 pedt) (Figure 2.5a). The value Some east Midlands coalfields. The marine
of background S@-is of course important and is correction for these areas relies on the:8i@,>

not known precisely. However, measurements 4@tio to quantify the non-marine CI deposition.
remote sites in northwest Europe from the EMEP

network indicate values of the order of 10 ueq [There is also S@ in the atmosphere from

1 so even the remote sites in the UK receive &Rarine emissions of dimethyl sulphide (DMS)
least half of their non sea-salt $Ofrom Which is oxidized in the atmosphere, ultimately
pollutant sources. The current (1997) concentrd0 SQ2, and contributes to non-anthropogenic
tions of non-marine S@ are shown in Figure background Sg- deposition. The marked east-
2.5b and these also show a large northwest ¥#est gradients in concentrations of the major
southeast gradient in the UK with values irPollutant derived ions contrast strongly with the
northwest Scotland remaining close to 20 kq | marine derived ions especially Nand Ci. For
while the peak concentrations in the easihese ions concentrations in the west coast sites
Midlands of England have declined to about 6@re in the range 200 - 400 pef and sea salts
ueq {1 SO2. There is also a clear west to easlominate the ionic composition of precipitation
gradient with larger concentrations along the eagind provide the majority of the total $O
coast of the UK. The change in $O deposition (Figure 2.6). The inland and east coast
concentration is dramatic and represents Sites, in contrast, show marine Nand Ci
reduction by almost 50% and is accompanied b§oncentrations in the range 50-70 péaquhd at

a reduction in acidity of the same magnitude ihese sites marine GO contributes only 10% -
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20% of total S@ in precipitation. The marine 1986-1987. However, the concentrations and
and pollutant derived ions therefore change ideposition of sulphur have declined, with larger
their relative contributions to the total ionictemporal gradients in the source regions than

strength of the precipitation across the UK. elsewhere. The trends in concentrations and
deposition are much more important for
2.3.2 Trends in wet deposition interpretation of the UKAWMN data. For the

trend analysis there are three key questions:
Combining the concentration fields with
precipitation amount and correcting for thel. Have the reductions in UK (and other
orographic effects in the UK uplands provides European) emissions of sulphur led to reduced
the wet deposition maps. As the precipitation S deposition in the UK and in particular in the
amounts are very large in the uplands of western source regions?
and northern Britain, the wet deposition mapg- Are observed changes in concentration and
show a stronger influence of precipitation deposition  consistent  with  current
amount than the concentration field. understanding of the processes?

3. Is there evidence of changes other than in
The main features of the wet deposition maps are sulphur deposition in the UK precipitation
illustrated by maps for 1986 and 1997 for non- chemistry and deposition?
marine SQ@?* (Figures 2.7a and 2.7b). The peak
in wet deposition in 1997 of 25 kg non-marine SThe introductory section of this chapter and
hal in the Pennine hills of northern England andrigure 2.1, reveal a 57% decline in UK sulphur
in Cumbria is appreciably smaller than nonemissions between 1986 and 1997. Similarly,
marine S@Q> wet deposition in 1986 (50 kg non-UK European S emissions declined by 45%
SO,2). The rainfall amounts do vary betweerPetween 1986 and 1997. These large changes
years but are very similar for these years, an@rovide an ideal signal to examine the
there are no monotonic regional trends ifneasurement data.
precipitation amount over the 12 year period.
There are therefore areas of the country in whicHsing a consistent methodology for the 12 year
substantial reductions in deposition havéeriod, the mapped wet and dry deposition allow
occurred since the mid-1980s. the mass balance of the atmosphere over the UK

to be quantified. This is shown in Table 2.2. The
Wet deposition of non-marine S at west coadptal deposition of non-marine sulphur declines
sites and in the north and west of Scotland shovigm 492 KT S in 1986 to 234 kT S in 1997, a
no clear differences between the two years. Wegduction of 52%. The wet deposition declines
deposition of N@ and NH,* have also remained by 42% while dry deposition declines by 61%
broadly similar although small changes aréver the 12 years, so there is a large change in the
evident at individual sites. The spatialwet:dry deposition partitioning of the deposited
distributions in wet deposition of Nfdand NG sulphur in the UK. Clearly therefore, the answer
are shown in Figures 2.8a and 2.8b for 19970 the first question is “yes”, there has been a
again illustrating the dominance of the annuamarked reduction in S deposition in response to
maps of precipitation in controlling the pattern ofmission reductions but the area in which

wet deposition. deposition has declined is largely restricted to the
source regions. Thus the answer to question 2 is

B 24 TrendS in Concentration “no”, the observed change in deposition is
. . . unexpected. In particular the very large

and dep03|t|0ni d|3CUSS|0n reduction in dry deposition, primarily as a

consequence of a reduction in ambient,SO
The main features of the regional patterns in wejoncentrations in the source region (within 100
deposition and the concentrations of major ionBm of the major sources), is the main cause of the
in precipitation have remained consistenimuch greater reduction in dry deposition. The
throughout the monitoring period reported heregoncentrations of SQOdeclined by almost an



order of magnitude at rural sites in the easthe intermediate sites, including Eskdalemui
Midlands. Redesdale, MharcaidhAchanarras, Barcombe
Mills and Compton show significant decreases in
The changes in the pattern of deposition and tlf&0,2- averagingbetweenl and2 peq S |1
partitioning into wet and dry deposition isyrl. Thus the reduction in wet deposition is
therefore introducing non-linearity into theclearest in the same areas as the dry deposition
spatial relationship between emission andeduction, and in fact the dry deposition on
deposition of S in the UK There are (at least) precipitation collectors contributes about 25% of
three contributions to the changes in wet-dryhe observed decline in wet gOdeposition in
deposition partitioning. First, a muchrdar the source regions.
reduction in low level than high level sources of
SO,; second an observed change in the rate dhe trends are therefore weakest at the remote
SO, dry deposition which has gradually high rainfall sites and, in a strict sense, the
increased dry deposition rates in the sourcebserved decline in non sea-salt,3®these sites
regions as S©concentrations have fallen, andis not significant The cause of this may simply
last; an oxidant limited SQo SO oxidation in  be the inteannual noise in the meteorology
stratiform cloud All three processes have obtaining a small signal. Howay¢his raises the
combined to cause the observed non-linearity iquestion of stationagt i.e. are all other
sulphur deposition but the relative contributionconditions remaining constant during the 12
of each of these processes to the observed treyelrs of monitorin® The first and most obvious
has yet to be quantified. indicator is precipitation amount, which shows
considerable inteyear variability but no
We now examine the trends in theffelient monotonic trend The relative frequency of

regions of the UK. winds, which transport pollutants from the
. ) source areas in the UK and other countries of
m25 Reglona| trendS In Europe to remote regions of the UK, has been
T . examined in earlier analyses of UK acid
preCIpItatlon ChemlStry deposition (RGAR 1990, 1997). More recently

the Norh Atlantic Oscillation (NAO) has been
A consequence of the smaller change in wekcognised as an important influence on
deposition is that the signal in declining SO European climate (Hurrell, 1995) and is
concentrations is smaller than it would have beefliscussed at length in later sections of this report.
given a strictly linear relationship betweenThe NAO provides an index of ‘westerlyness
emissions and wet deposition, by 50%. the airflow over the UK. Lage Index (NAOI)

values (or lege pressure gradients) are associated
The observed decline in $Oconcentration in  with strong southwesterly airflow and a
precipitation (Appendix ITable 1) is clear at the succession of fronts and precipitation over the
sites in the east Midlands duYorkshire - the UK. If marked changes of the NAOI occur
source areas. In these areas (within 100 km diuring the 12 years of the available wet
the major power stations) the non sea-salf2SO deposition data for the UK, then it may bgued
concentration declines at approximatelyu8q that this would introduce additional variability
SOy 2-yr-1throughout the 12 years and the (linearjnto the precipitation chemistry measurement and
trends are highly significaniAt the sites close to mask trends The annual NAO values plotted in
the west coast of Englanwales and Scotland Figure 2.9 show a clear maximum in NAO in the
and in the west of Northern Ireland there is also years 1990, 1992 with smaller positive value in
decline in non sea-salt g9 but for each of 1986, 1989, 1991 and 1994, while 1987, 1988,
these sites considered individually the decline i$995, 1996 and 1997 all show negative values
small and is not statistically significantvhen all  (reduced westerlynessA simple correlation of
west coast sites are considered togethesmall CI~ concentration against NAO, using annual
statistically significant linear trend of decreasinglata reveals relatively little structure with the
SO,% is established. exception that the fgest positive value is

Chapter Two
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Figure 2.9

The changes with
time in the annual
North Atlantic
Oscillation Index
(NAOI)

24 m

associated with the largest mean - Clareas of the UK (~50%) was also present at these
concentration. Thus, the precipitation chemistryemote sites, such a signal would have been
data at annual scales, as used for the depositidatected. The application of NAO indices for the
maps, show a weak association between thesénter months, as applied later in this report is
two variables. consistent with the winter dominated deposition

of sea-salts. Since a large fraction of the ionic
The annual Cldeposition however, is highly content of precipitation at the west coast sites is
episodic, with a substantial fraction of theprovided by sea-salts, it is unsurprising that
deposition contributed by a few rainfall eventdemporal variations in sea-salt deposition are
each year. The data from the UK primarystrongly correlated with surface water chemistry.
precipitation chemistry sites, which provide dailyHowever, in this chapter we are specifically
collection, show that all sites in the primaryexamining the available data to show whether the
network are highly episodic in CHeposition large reductions in sulphur emissions are evident
(defined as sites receiving >30% of the wein the deposition data and how the evidence
deposition in < 5% of the precipitation events)varies throughout the country. The conclusion
Furthermore, the Cldeposition is largely a from the analysis is that large reductions in
winter phenomenon, with 80% of the depositiorsulphur deposition during the last decade are
in the winter months. evident, but that in many west coast areas of the

country, the decline in sulphur deposition is very
The implication from this rather simplistic small, and is much smaller than the reduction in
analysis is that inter-year variability in theUK or European sulphur emissions. In
weather has to some extent masked thgzSOconclusion, the lack of detection of a significant
declines at the remote sites in the north and wedécline in sulphur deposition at some of these
of the country. The changes in the ‘westerlynesstemote sites has probably been influenced by
which are evident in the NAO data, and thevariations in the weather over the monitoring
associated changes in sea-salt deposition cleaggriod. It is probable therefore that with
introduce noise into the dataset. However, if theontinued reductions in emission the declining
large decline in wet deposition and drydeposition will become clear even at these
deposition observed at the sites in the sourgemote locations.
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B 26 Deposition trends at (group 2) show a trend of 1 peq BOI-Lyrl,
L . while the source area (group 1) sites show the
IndIVIdua| sites clear decreasing trend of 3 peq 80l yr!

(Figure 2.10). These broad classifications seem
Statistically significant trends are found at onlyentirely appropriate to identify the region specific
13 out of the 32 sites, these being the sourdgends in non-marine S deposition and show
region sites, Jenny Hurn, Driby, Bottesfordthat the magnitude of the trend at these remote
Stoke Ferry, Woburn, Flatford Hills, Comptonsites is small. If, for example, we examine the
and High Muffles, and the intermediate sites{rends at the nearest acid deposition network
Barcombe Mills, Wardlow Hay Cop, secondary collector to the appropriate
Eskdalemuir, Whiteadder, and Achanarras, thd KAWMN site, then with the exception of
east coast site in northern Scotland. Barcombe Mills, all trends are non-significant.

With these small changes in precipitation
However, all sites with the exception of Yarneichemistry at the remote sites, it would hardly be
Wood show negative trend, and by grouping theurprising if site specific surface water chemistry,
sites using a hierarchical clustering method intwhich is further modified by interactions within
the four groups shown in Table 2.1 and Figure 2.the catchment, shows no trends.
the trends may be broadly classified on a regional
basis. The trends may be shown to be significafior sites at the west coast with mean non-marine
for all groups when the data are considere80,2- concentrations of 20 ped,la reduction by
together. This is the case even at the remote ah@ peq+ would have been readily detected over
west coast sites, (groups 3 and 4) where the slogée 12 years of data available. The tabulated
of the decrease is 0.5 peq 8Q-1 yrl and is Statistics in Appendix 1, Tables 1-4 refer to the 12
statistically significant. The intermediate sitegyears of precipitation chemistry monitoring.

140 Figure 2.10
The linear trends in

annual non-marine
120 I

SO,% in
precipitation for
four groups of sites
in the UK acid
deposition
monitoring
network. See
Figure 2.3 for
geographical
distribution
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To provide a strictly comparable set of data fonetwork over this periad The trends are
comparison of the wet deposition andsignificant at 16 sites and in the source areas the
UKAWMN site data, the trend analysis has alselope of the trend is fairly consistent at about 3
been completed for the shorter (10 year) periodeq H I-1 yr-1 while at the intermediate and even
of precipitation chemistry data of 1988 to 1997.some remote sites the trend is close {eed H

I-1yr-l. These declines are almost identical to the
Considering these in turn. decline in S@% and in the absence of trends in

NH,* and NG imply that the acidity was S@
Non-marine SO, trends (1988-1997) related The sites not showing a significant trend
(Appendix 1, Table 5) are in general the west coast sites where the mag-
The significant trends in $@ are the source area pjtyde of the trend is < fAeq H I yrland, like

(1) and intermediate sites (2) (as with Figure 2.330,2- at these sites, such signals are masked by
with slopes of the decline of 3 19 SQZ I yr  tne inte-year variabiliy.

-Tand 1lpeq SQz I-1 yrlfor the source regions

and intermediate sites respectivelThe remote  NO," trends (1988-1997)

regions consistently show a general decline byhppendix 1, Table 9)

with the inte-year variability the trends are notypjike SO, the emissions of NOhave not
statistically significant The analysis of the changed greatly during the period 1986 to 1997
shorter period is therefore entirely consisten(,:igure 2.2) There was a gradual increase from
with that for the 12 years. 1986 to 1990 and since then Nénissions have
+ declined steadil These trends are somewhat

NH: t_rends (1988-1997) smaller than those of other European countries,
(Appendix 1, Table 6)_ L but overall the decline is small over the period
There are no consistent significant trends at tr@MEP, 1999) The observed UK precipitation

regional scale, and an even split of r‘Onéhemistry shows a small but significant increase

significant trends among the individual site da’ca]-n NO, concentration at many of the remote west
While there is no evidence of a trend overall it i%oast sites Yarne Wood, Llyn Brianne

noticeable that in the source areas, the tenden%mluman Bannisdale, Lough Navar and also at
is for a decline (Stoke FerrBottesford, Jenny Eskdalemui The magnitude of the change

Hurn, Thorganty, High Muffles, Wodburn, seems small at about Offeq NO; |1 yearl.
Flatford Mills) but little can be drawn from such Howeve, the weighted mean concentration at
weak S|gnaIsAmmon|a emissions are bel'evledthese sites in the early years of the measurement
to have changed little over the monitoring penoc{mere very small, 8 - 15ieq NO; I and the

but with such lege changes in sulphur emiSSionSincrease represents a 20% increase in wet

it is probable that changes in the aeroso(!1eposition at many of the siteShe cause of the

chemistry have occurred, with a replacement (ﬁend is unknown, and in the absence of any
the ammonium sulphate by ammonium nitrate. measurement artefact implies an increase in

CI- trends (1988-1997) aerosol N@ and/or HNQ at these remote
(Appendix 1, Table 7) locations during this period. Only one site in the
The clear negative trends in-@t the source area Network (Bottesford) showed a significant
sites Bottesford, Jenny Hurndaihorganby are decrease in NO

entirely consistent with the decline in HCI

emissions from the coal burning pavetations 1€ remote sites, most appropriate for the
in the east Midlands an Yorkshire. It is AWMN show no monotonic trends in the

surprising that the signal is not observed at HigRoncentrations of any other major ion in

Muffles. precipitation, but considerable imtgear
variability. Thus there is no evidence of other

H+ trends (1988-1997) country-wide changes in major ionA decrease

(Appendix 1, Table 8) in non-marine Clhas been observed at the east

While H* has not been considered in detail in thigvidlands awd Yorkshire sites, consistent with
chapte, these data merit a comment. It is notableeduced emissions of HCI from coal combustion
that rainfall acidity has declined at all sites in thén these areas.



B 27 Summary measurements by the WKVMN network.

¢ UK and non-UK European S emissions bott? small b_Ut significant “mcreases n
declined between 1986 and 1997 concentrations and deposition of NCare
approximately 55%. UK NQ emission evident at the west coast and remote
declined by 14% during the same period. monitoring stations.

e Sulphur deposition in the UK declined by
approximately 50% between 1986 and 1997,
but the majority of the decline was dry
deposition (61%), the decline in wet deposition
was 42%.

e Concentrations of non-marine $oand H in
precipitation over the period 1986-1997 and
1988 to 1997 both declined atugq Hyr! at
sites close to (<100 km) major sources (the
east Midlands of England drYorkshire) : 1
peq H yrl at sites 100 km to 300 km from
sources At the remote high rainfall west coast
locations in Britain the decline in $©
concentration was barely detectable.

e There were lage year to year variations but no
monotonic trends in precipitation amount
during the period of measurement.

e The Norh Atlantic Oscillation (NAO) Index
showed a pronounced positive peak in the
early 1990s and ftge sea-salt concentrations in
rain during the peak and troughs in the late
1980s and mid 1990sThis cyclical change in
the ‘westerlynessof the climate introduced
variability which may have obscured the signal
of SO,2- concentration and S deposition
reductions at the high rainfall west coast sites.

e Very clear lage reductions in both wet and dry
deposition of S in the source regions of the UK
and at intermediate distances from the source
areas (see Figure 2.3difable 2.1) are evident
in the measurementsThere are reductions in
S deposition in the high rainfall, west coast
areas but the reductions are much smaller than
the reductions in UK or non-UK European S
emissions and at many of the high rainfall sites
the trends in deposition are not statistically
significant  The observed changes in
precipitation chemistry measured by the UK
deposition network are consistent with
observed surface  water chemistry

Chapter Two
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Methods

Chris Evans, Don Monteith,
Bill Beaumont &
Mike Gardner

m 3.1 Water Chemistry

Sampling and analytical methodologies conform ‘monitoring purposes, to maintain internal
those outlined by Patrickt al. (1991) while the consistency rather than to improve inter-laboratory
approach to Analytical Quality Control (AQC) isconsistency.

provided by Patricket al. (1995). UKAWMN

laboratories participate in an AQC programme rt3.1.1 Data screening

by the Water Research Centre, Medmenham, &

results are provided to the UKAWMN in annuaChemical data were screened to remove erroneous
internal reports which are available on request. Tvalues prior to analysis. Charge balance errors
programme has found a high standard of accureVere calculated as:

for all the major determinands analysed in th i id Ani ini
J y CB (%) =| 2Base Cations SAcid Anions- Alkalinity | ,; 1
y

report. Small discrepancies have been observec
the measurement of Al which seems to result fro
the differing procedures used in the separation \yhere all jon concentrations arejieq H. Charges

the labile fraction. These differences were Nigt 5jyminium and organic anion species could not
detected until well into the monitoring period, anpe quantified, and the charge balance is therefore
it is now considered more appropriate, fcapproximate; however in general the error should

S Base Cations- 3 Acid Anions+ Alkalinit

Figure 3.1

o & @ o0 .
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L 55
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45 ) )
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be close to zero. Errors of greater than 10% weraethods. The Seasonal Kendall Test (SKT) is a
therefore taken to indicate a possible analyticalon-parametric  procedure for detecting
error. Where this error was associated with emonotonic changes over time, developed by
clear outlying value (defined as a measurementirschet al. (1982). SKT has been identified by
outside the range of all other measurements atylor & Loftis (1989) as the most suitable non-
that site) this value was discarded. Thigparametric trend identification technique for
procedure led to the removal of one or morevater quality data containing seasonal variations,
determinand value in a total of 14 samplesand was used in the UKAWMN five year
Samples with charge balance errors greater thamalysis (Patrickt al.,1995). Values are grouped
10% but no clear outliers were retained in thinto seasonal blocks (months for streams and
dataset. quarters for lakes) and tested for trends using a
ranking procedure. SKT is robust with respect to
Data were also screened on the basis of thmn-normality, missing or censored data and
relationship between alkalinity and pH. Theseseasonality, but in its original form is sensitive to
determinands are closely related through carboserial correlation. The method used here is
ate equilibria, and should plot on a sigma curvéherefore a modified version described by Hirsch
(Munson & Gherini, 1991). A plot of pH vs. & Slack (1984), which is robust providing auto-
alkalinity for the entire UKAWMN dataset correlation is less than 0.6 and records extend for
shows the expected relationship (Figure 3.1), bumore than five years. Slopes associated with
a small number of outliers are observed fotrends found to be significant at the 95% level
Coneyglen Burn, the River Etherow and Oldvere then estimated according to the method of
Lodge. Coneyglen Burn has very high DOCSen (1968), as the median of all between-year
concentrations (Section 4.22) and the low pHiifferences within each seasonal block.
relative to alkalinity in these samples may be
explained by weak organic acidity (Munson &The second trend detection procedure used was
Gherini, 1991). However the seven outlying dat&imple linear regression, with a significance test
points at the Etherow and ten at Old Lodge werddapted to take account of non-normality in the

considered to be outside the acceptable range afigtribution of sampling times. Having first
were removed. computed the?rvalue for the data arranged in

chronological order, the procedure was then
Fina”y, wider pr0b|ems were identified for repeated 8000 times for data arranged in random
unstable determinand data at the River Ethero@rder. Significance was determined as the
and Old Lodge during the first three years opPosition of the initial # value within the
monitoring. At this time, unstable determinanddistribution of all # values, with a 95%
analysis for the two sites was undertaken at locgignificance level (i.e. the initia? in the top 5%
laboratories, but from April 1991 this wasOf all calculated % values) taken as a threshold
transferred to SOAFD, Pit|och|’y_ Time Seriegor trend identification. This method was used in
data for alkalinity at the Etherow, and forthe UKAWMN five year analysis, and is
alkalinity, pH and NQ at Old Lodge show described by Patriclet al. (1995). It has also
markedly higher scatter prior to the laboratoryeen used in a trend analysis of Scottish surface
change (Figure 3.2), suggesting a poor level d¥aters by Harrimaet al. (1995a).
analytical precision at this time. All samples at
both sites failing to conform to the expectedf the two trend detection methods, SKT is
pH/alkalinity relationship were also collectedparticularly effective where seasonality is
during this period. The first three years of dat®resent, but may be more conservative in
for alkalinity at both sites, and for pH and & detecting trends where it is not. SKT also tends to

Old Lodge, were therefore discarded. identify changes more effectively where these
occur steadily over time, whereas regression is
3.1.2 Statistical analyses more likely to show a significant trend resulting

from a step change. Both methods are however

Changes in water chemistry over the ten yeaféhited to the detection of monotonic trends,
were assessed using two parallel trend detectigyhereas solute concentrations may fluctuate over
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Figure 3.2

Time series data
for alkalinity for
the River Etherow
(a) and Old Lodge
(b), and pH and
NO; for Old
Lodge. Dotted line
indicates time of
laboratory change
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time in response to anthropogenic or naturar other data, such as abundance measurements.
changes. Robson & Neal (1996) have shown th&pecies abundance data for the multi-variate
SKT can potentially identify a significant trend indatasets of each site were therefore plotted
data containing only a long term cyclical signalgraphically, complete with full species names,
In order to identify more complex variations inand scrutinised visually to identify obvious
the dataset, therefore, the Splus LOESS curveultliers, or apparently missing data points. For
fitting function was used (Cleveland, 1979:fish data, all records of weight which were >4
Becker et al., 1988). The procedure providestimes the standard deviation from the mean were
robust smoothing using a local quadratiomitted from the dataset. In addition, fish length
polynomial fit. For each date value, a weightingvas plotted against fish width for each site and
procedure is applied to nearby points, and a localtliers were identified by visual inspection.
curve fitted using a least squares optimisationVhere outliers were identified, original record-
LOESS curves were added to all time series plosheets were re-consulted and amendments made
other than those where concentrations wer® the database where necessary.

consistently at or close to detection limits.
3.2.2 Statistical analyses

Trend analyses were undertaken for pH, )
alkalinity, total sulphate and non-marineEQ'“th'Cd'atom and macroinvertebrate analyses

sulphate, nitrate, chloride, dissolved organic

carbon, the four major base cations (calciurrﬁpi"thic diatom data consist of the frequency of
magnesium, sodium and potassium) totef! taxa occurring in a count of 300 diatom valves
aluminium, and labile and non-labile aluminiumfor each sample collected. For most sites, three

fractions. Other measured chemical constituenf€Plicate samples are collected in late summer to
were generally present at low concentration€aly ~ autumn  (i.e.  July-September).

often below detection limits, and were therefordlacroinvertebrate data consist of the frequency
unsuitable for trend assessment. of all taxa collected in each one minute littoral

kick sample. Sampling is conducted from April-

May. From 1988-1991, three replicates were
B 32 BlOlogy collected from each site, but since 1992 this has

been increased to five. In order to reduce errors
of mis-identification, some species or genera that

Sampling, analysis and quality control difficult to identify h b bined int
procedures conform to the protocols provided bgre ifficult to identify have been combined into

Patrick et al (1991) and Patriclet al (1995). a higher taxonomical level. The geriismoura

Following recommendations by Patrigt al. has been spilt into two easily identifiable groups:

: Nemoura spp. 1 (long legged - including
1995), the aquatic macrophyte survey frequency i ) ,
( ) 5 d yired é.cmerea, N. dubitansnd N. avicularig and

for lakes was reduced from annual to once eve 2 (short | " bri q
two years, from 1993 onwards. Determination o emoura_spp. (short legged\- ca_m ficaan
N. erraticg. Taxa corresponding to the

fish condition factor has occasionally been .t ; G ha h b i d
prevented at a few sites by the failure oﬁe eropera Seromorpha nave been gnore

weighing apparatus in the field. Steps have nog/nce these are semi-aquatic and live primarily on

been taken to ensure this problem does not recwre water surface.

in the future. . .
The data used in all analyses consisted of all taxa

identified to species level or lower. For
macroinvertebrates, the acid tolerant mayfly
) ) family Leptophlebiidae, and the stonefly groups
Data entry of multi-species records on th emourasp. 1 andNemouraspp. 2, were also
UKAWMN database (i.e. for epilithic diatoms, included as a pseudo-species. Data were
gquatlc ma(?,rophytes and mac?r0|nvertebrate%}mverted to percentages and transformed by log-
involves the input of alphanumeric species codq%tio centring prior to Redundancy Analysis
according to recognised species coding systenﬁ?DA) and Principal Components Analysis
Errors could occur in the entry of a species COde{?—’CA). All analyses were performed using the

3.2.1 Data screening
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program CANOCO 3.12a (ter Braak, 1988single constraining variable\{PCA). The ratio
1990). of (A\\RDA) to (\;PCA) therefore provides an
indication of the strength of any time trend
Statistical analyses followed that outlined byrelative to random and unmodelled effects. Hill's
Patrick et al (1995). Data were tested for timeN, is a measure of the ‘effective’ number of
trends using RDA, a form of PCA in which species in a sample and allows between-site
components are constrained to be lineasomparisons.
combinations of explanatory variables (Jongman
et al, 1987; ter Braak & Prentice, 1988). Linearn Chapter 4, optimal pH values are provided for
methods were deemed appropriate aftehe diatom species referred to in the summary
detrended canonical correspondence analysisxt. These values are based on statistical analysis
(DCCA) demonstrated that all datasets had shoof diatom species representation in surface
time constrained gradients (<3 standard deviatiosediments taken from the 167 lakes of the SWAP

units). dataset (Stevensat al, 1991).
Two forms of RDA were performed: Fish analysis

i) Sample year was coded as multiple ‘dummyData considered in this report are for trdsalno
variables. In this analysis the sum ofirutta) and, for two sites Atlantic salmorS(
constrained eigenvalues represents tpsalan, caught by electro-fishing of stream sites
proportion of the total variance in the specie@nd the outflow streams of lake sites. Density
data which can be explained by difference&stimates are based upon the catch data from
between years. The remaining proportioﬁhree individual reaches fished at each site.

therefore represents the variance betwedpeach population numbers are estimated from a
replicate samples from the same year. series of constant-effort removal fishings using

the Exact Maximum Likelihood method (Carl &

ii) Sample year was coded as a single variabl&trub, 1978). A chi-square test is used to assess
Here, the sum of constrained eigenvaluethe validity of the assumption that a constant
represents the proportion of the total variancproportion of the fish population are caught and
which may be explained by a linear trend ( removed by each successive fishing.

RDA).
All individuals are weighed and their lengths

Statistical significance was assessed using twpeasured, and these data are used to calculate

forms of Monte Carlo permutation test (Manly,condition factor (CF):

1991; Potvin & Roff, 1993) with 999

permutations of samples. The unrestricte€F = weight /length

permutation test assumes independence among

observations and for time-series data thidhree parameters (density, mean condition

assumption is often invalid. The restrictedfactor, and the coefficient of variation of the

permutation test restricts the range of possibleondition factor) for two age classes, (0+, i.e. less
permutations to preserve the autocorrelatiothan one year old; and >0+, i.e. greater than one
structure of the data (ter Braak, 1990). Results fotear old) have been subject to linear regression
both tests are presented in the site summaries @falysis to test for time trends. All parameters are

Chapter 4 but conclusions are only based on thgesented as time series plots in Chapter 4.

restricted test, which appears to be generalljowever, time trends have almost invariably

more conservative (i.e. fewer trends are deemdxgen insignificant and have not been included in
significant by this method). the trend statistic data tables in the site
summaries. Significant trends have been reported

PCA was also conducted for all multi-speciedn the summary text when observed.

datasets. The first axis of PCA provides the

maximum variance which can be explained by 40 compliment the electro-fishing surveys, a

m 33



Chapter Three

standard habitat assessment (HABSCORE Il and PCA. PCA and RDA were based on a species
HQS) was conducted at each reach. This meth@dvariance matrix.

was originally developed by the Welsh Water

Authority to predict fish populations and is base®.2.3 Graphical and tabular presentation of data

on empirical statistical models. The HQS gives a

predicted density under ‘pristine’ conditions. ByData presented graphically in the site summaries
comparing observed fish density with HQS it(Chapter 4) represent the following:

should be possible to determine whether

observed trends are due to changes in habitatpr Epilithic diatoms. Percentage frequency of all
some other limiting factor such as acidity. HQS taxa occurring at over 2% relative abundance
should also provide an indication of whether in any one sample (for the site). Data for all
densities observed at UKAWMN sites are lower replicate samples are plotted. Species are
than would be expected were they not acidified. sorted from left to right in order of the year of
HQS values for most sites show considerable their maximum occurrence. This provides a

inter-annual variability over the monitoring  diagonal structure to the plot if there is any
period, and since few linear trends have been time trend.

identified in the trout population data HQS data

have not been systematically reported in Chaptglj Macroinvertebrates. Percentage frequency of
4. However, mean HQS data are considered in all taxa recorded in all replicate samples from
Section 7.1.3. the site. In addition, the total number of

individuals recorded in each sample. These
data are sorted taxonomically, so that species
of common Genus, Family etc., cluster

together.

Aquatic macrophyte analysis

For lakes, relative species abundance was
determined on a five point scale (i.e. comparable
to the DAFOR scoring system (e.g. Palratal, i) Trout.

1992), follozjvmdg shoreline survely, STorea) Density of 0+ (new recruits) and >0+ (more
transects and deep water grapnel trawls, as than one year old) fish for the site:

follows: b) Mean condition factor (CF) and its

. coefficient of variation for 0+ and >0+ fish;
L rare/mfrequent ¢) Length frequency histograms (Peterson
2. ogcasmnal but not abundant graphs) to illustrate the population structure
3. widespread but not abundant at each site for each year.
4. locally abundant
5. widespread and abundant

iv) Sediment traps. Sediment traps have been
deployed at all UKAWMN lakes since 1991.
Problems with trap retrieval were
encountered at some sites during the first two
years but since then samples have been
collected from most sites in most years.
Graphs represent the following:

Diatoms. Percentage frequency of all diatom
taxa occurring at over 2% relative abundance
in any one sample (for the site). Only one
sample is collected per year.

Spheroidal carbonaceous particles (SCPs).
SCPs are derived from high temperature
fossil fuel combustion (Roset. al 1995).
Palaeolimnological work has shown similar
historical patterns of increase in the
carbonaceous patrticle flux to the sediments

For streams, total macrophyte cover was
estimated for each 5 metre section of a 50 m
survey stretch, and each was then partitioned into
proportional species abundance, to provide
percentage cover for each species. Data analysed
for this report are the mean species covea()
estimates for the 50 m stretch.

Data analysis follows that for epilithic diatoms
and macroinvertebrates described above. Sin%Z
replicate samples are not taken, RDA to asses
the proportion of between-year and within-year
variation was not performed. For lakes, raw
abundance data were used (i.e. without
transformation), while for streams, percentage
cover data were log-transformed prior to RDA
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of all UKAWMN lakes over the last century

or more (Patricket al, 1995), with peak

values occurring in the mid- to late 1970s.
The recent introduction of emission controls
have resulted in a decline in particle fluxes
to sediments (Roset. al 1995). Data are

provided for SCPs as numbers of particles
per trap per day. Calculated fluxes show high
inter-annual variability at most sites but there
is no evidence for a decline in flux over the
period of trap deployment at any site (Rose
pers. comm.). Results have not been
discussed in the site summaries (Chapter 4).

Aquatic macrophyte data are presented in tabular
format:

Certain species which have been associated in
ecological literature with particular levels of
acidity (e.g. Farmer, 1990) have been ascribed
‘indicator’ status denoted by superscripts in the
species tables of Chapter 4. For lakes these range
from:

1- extremely intolerant of acid conditions and
rarely found in lakes with mean pH below 5.6;

2 - characteristic of mildly acid lakes but rarely
found in waters with mean below pH 5.2;

3 - species tolerant of waters below pH 5.2 but
rarely found in very acid lakes;

4 - acidophilic species which tend to dominate
waters with mean pH below 4.5.

For streams:

1- characteristic of well buffered streams prone
to only occasional acid episodes;

2 - characteristic of well buffered to mildly acid
streams;

3 - characteristic of permanently acid streams.

Chapter Three
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Loch Chon
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Round Loch of Glenhead
Loch Grannoch
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10. Scoat Tarn
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12. River Etherow

13. Old Lodge

14. Narrator Brook

15. Llyn Llagi

16. LIlyn Cwm Mynach
17. Afon Hafren

18. Afon Gwy

19. Beagh's Burn
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22. Coneyglen Burn
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A
4.1 Loch Coire
nan Arr

m Site Review

Loch Coire nan Arr is the most northerly of al
UKAWMN sites. As atmospheric pollution loads a
the site were known to be low and the wat
chemistry relatively well buffered, the site wa
initially considered as a potential control for th
other more impacted regions to the sout
However, palaeoecological studies have sin
suggested that the loch has undergone very sli
acidification in recent years (Patriek al., 1995).
In 1991 a temporary dam was placed on the lo
outflow as a means of conserving the water supj
to a fish farm located beneath the site. Mo
recently a permanent structure with sluice, hi
replaced this. The dam has raised mean water le
at the site by at least 0.5 m loch shoreline. Tl
water level change has clearly reduced the ext
of emergent macrophyte stands at the site (< Figure 411
below).

Contours in metres ~——

0 1km

Loch Coire nan
Arr: catchment

Table 4.1.1 Table 4.1.2

Loch Coire nan Arr: site characteristics Loch Coire nan Arr: summary of chemical
Grid reference NG 808422 determinands, July 1988 - March 1998
Lake. altitude 125m Determinand Mean Max Min
Maximum depth 120 m
Mean depth 48 m pH 6.39 6.95 575
\Volume 5.6 x 105 m3 Alkalinity peq 1 378 89.0 4.0
Lake area 11.6 ha Ca peq It 425 70.0 175
Catchment area (excl. lake) 897 ha Mg peq 1 608 1583 250
Catchment: Lake area ratio 77.3 Na peq 1 2322 4957 1304
Catchment Geology Torridonian Sandstone K peqlt 85 154 26
Catchment Soils peat SO, peq i1 408 563 271
Catchment vegetation moorland 99% XS04 peq It 138 231 -156
conifers <1% NO; peqt 29 79 <14
Net relief 771 m Cl peq 1 2577 6648 1239
Mean annual rainfall 3311 mm Soluble Al ug 't 153 400 <25
1996 deposition Labile Al pg I 31 70 <25
Total S 14 kg ha-lyrl Non-labile Al pg I 13.7 330 <25
non-marine S 8 kg halyrl DOC mg I 2.2 52 <01
Oxidised N 3 kg halyrl Conductivity S cml 39.2 85.0 21.0
Reduced N 3 kg halyrl
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m \Water Chemistry pollutant deposition at the site, no significant
trends were observed for pH, alkalinity, base
(Figure 4.1.2, Table 4.1.2-3) cations or mineral acid anions. There are also no

identifiable changes in chemistry following the
Although potentially susceptible to acidification,rise in water level in 1991. However, large and
with a ten-year mean Ca concentration of just 4Bighly significant increases were observed over
peg tL, Loch Coire nan Arr receives low levels ofthe last decade for both DOC and non-labile Al
anthropogenic S and N deposition and is nqfTable 4.1.3). LOESS curves suggest that these
acidic. Mean pH is 6.39 and mean alkalinity 38ncreases took place fairly steadily between
peq H, with labile Al concentrations at or close1988-1996, but may have levelled off in recent
to detection limits. Non-marine §Ocon- years. The SKT estimated total increase over the
centrations reflect the low deposition, with a terdecade of 2.5 mgtirepresents a major change in
year mean of 13.pleq . NO; concentrations water chemistry given a mean concentration in
have remained below Jjfeq ! throughout the the first year of sampling of just 1.0 md. |
monitoring period, although some seasonality i©rganically complexed non-labile Al shows a
observed with concentrations above detectioolear correlation with DOC, suggesting that
limits during all winter periods (Figure 4.1.2e). concentrations are determined by the availability

of complexing ligands (Driscolet al, 1984).
The proximity of this site to the coast results irSince almost all Al present is in non-labile form,
large marine ion inputs, and Na and Clotal soluble Al exhibits similar behaviour
concentrations at the loch are therefore high (1fFigures 4.1.2j,k). The issue of DOC trends is
year means 203ueq I and 258 peq I discussed in detail in Section 5.2.3.
respectively). Both ions show a pronounced L .
seasonal cycle, with winter peaks resulting fronlll Epllltth diatoms
large frontal storms at this time. Marine ion
deposition events have been shown to caugEigure 4.1.3,Table 4.1.4)
episodic acidification through the ‘sea-salt
effect’ (Wright et al, 1988; Langan, 1989) The epilithic diatom flora of Loch Coire nan Arr
whereby marine cations temporarily displace Hdemonstrates marked inter-annual variation over
from soil exchange sites. This natural process [8€ past decade. Samples are dominated by
evident in pH and alkalinity minima that occur Tabellaria  flocculosa (pH optima  5.4)
concurrently with marine ion maxima (FigureBrachysira vitrea (pH optima 5.9) and
4.1.2a,b). Some temporary retention of marinéchnanthes minutissimgpH optima 6.4),T.
SO, may also occur (Evanst al, in press; flocculosawas most abundant between 1989-
Section 5.3), leading to reduced or even negati?91, gradually declined until 1997 and
xS0, concentrations (Figure 4.1.2d). increased again in 1998. These changes have

been largely reciprocated b#. minutissima

In accordance with the continuously lowSimilar patterns in species variation have

Table 4.1.3

Significant trends in chemical determinands (June 1988 - March 1998)

Determinand  Units  Annual trend (Regression) Annual trend (Seasonal Kendall)
DOC mg |1 +0.21%** +0.25**
Non-labile Al pg 11 +1.13** +1.00*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Table 4.1.4

Loch Coire nan Arr: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A{RDA/A,RDA A RDA/APCA
of squares of taxa diversity
Epilithic diatoms 294 150 6.2 042 0.39
Macrophytes 49 20 126 1.19 0.73
Invertebrates 983 48 3.0 0.78 0.52
Variance p

explained (%)  within year between years linear trend unrestricted restricted

Epilithic diatoms 499 50.1 7.0 0.01 024
Macrophytes * * 30.1 <0.01 <0.01
Invertebrates 424 7.6 15.8 0.00 0.01
Table 4.1.5

Loch Coire nan Arr: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Nitella flexilist 2 3 3 3 3 3 1 1
Myriophyllum alterniflorum? 3 3 3 3 3 3 2 2
Utricularia sp.2 2 3 3 2 2 0 2 2
Callitriche hamulata3 2 3 3 3 3 3 3 3
Sphagnum auriculatum# 0 1 1 1 1 1 1 1
Juncus bulbosus var. fluitans4 5 5 5 5 5 4 4 4
OTHER SUBMERGED OR FLOATING LEAF SPECIES

Batrachospermum sp. 1 1 0 0 0 0 1 0
Filamentous green algae 1 2 3 1 1 1 1 1
Fontinalis sp. 1 1 1 0 0 0 0 0
Rhytidiadelphus sp. 0 1 1 1 0 1 0 1
Lobelia dortmanna 3 3 4 4 3 3 3 3
Isoetes lacustris 4 4 4 4 4 3 3 3
Littorella uniflora 3 3 4 4 4 3 3 3
Subularia aquatica 0 0 0 0 0 0 0 1
Potamogeton natans 4 4 4 4 4 2 2 4
Potamogeton polygonifolius 0 0 1 1 0 1 1 1
Sparganium angustifolium 1 2 2 2 2 1 2 2
EMERGENT SPECIES

Equisetum fluviatile 2 2 2 2 2 1 2 0
Ranunculus flammula 2 2 3 3 3 2 3 1
Carex nigra 1 2 2 2 2 1 2 1
Carex rostrata 0 0 1 1 0 0 0 0
Eleocharis multicaulis 2 2 1 1 1 0 0 0
Glyceria fluitans 1 1 1 1 1 0 1 0
Juncus acutifloris/articulatus 1 3 2 2 2 1 0 0
Juncus effusus 1 1 1 1 1 1 1 1
TOTAL NUMBER OF SPECIES 20 22 23 22 19 18 19 18
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occured in sediment trap samples from the locim the relative adundance of acid tolerant
which have been collected since 1991 (Figurkeptophlebid mayflies and the appearanc€ of
4.1.6). As the sediment traps should provide aluteolum since 1996 is indicative of an
integrated annual sample, it would seem that tHenprovement in conditions.

epilithon data are generally representative of the

diatom crop for the full growing season. The. FlSh

varying proportion ofA. minutissimaand T.

flocculosaappear to indicate fluctuating levels of(Figure 4.1.5)

acidity and this is also shown by the diatom

inferred pH derived from pH weighted averagingrhe outflow of Loch Coire nan Arr was first
applied to the whole assemblage (Figure 7.3dished in 1989. Trout density is intermediate for
which suggests a gradual increase in pH betwediKAWMN sites. There are no significant linear
1990 and 1996. Although these inferences ateends in density, mean condition factor or
not strongly supported by changes in watecoefficient of variance of condition factor for
chemistry, low pH was recorded in the spring okither age group over the last nine years.
1990, 1997 and 1998, apparently associated witthowever, general declines in density of both
high rainfall and CI concentrations. The floristicgroups are apparent since 1991, possibly
similarity between 1998 samples and those agflecting an influence of the outflow dam on the
1989-1991 appear to rule out any long ternstream population. In common with many of the
trend. RDA shows time to be insignificant as ather Scottish sites, very high recruitment
linear variable at the 0.01 level using theoccured in 1991. Mortality of this cohort
restricted permutation test. The extent to whichowever appears to have been high as there is no
species variation may be influenced by ‘naturalevidence of higher than average trout densities
oscillations in acidity will require verification by progressing through the subsequent year groups.

ongoing monitoring. Poorest recruitment occurred in 1992 and 1996.
m Macroinvertebrates m Aquatic macrophytes
(Figure 4.1.4,Table 4.1.4) (Table 4.1.4-5)

The macroinvertebrate benthic fauna id e aquatic macrophyte flora of Loch Coire nan
moderately diverse and dominated by is typical of non-acid oligotrophic lakes. The
Chironomidae and the acid tolerant mayflySubmerged community is dominated by the
family Leptophlebiidae. Several mayfly Speciegsoetids, Isoetes lacustris, Lobelia dortmanna
have been recorded throughout the study periognd Littorella uniflora. The acid sensitive
The acid sensitiveBaetis spp. has appeared charophyte speciedlitella flexilis, and other
intermittently since 1991Siphlonurus lacustris species intolerant of acidity levels at the more
has been recorded in all years except 1990 anddgid UKAWMN lake sites (i.eMyriophyllum
most recent yearsCentroptilum luteolum alterniflorum and Utricularia sp.) are also
replaced the acid tolerant Leptophlebiidae as tH¥€sent.

dominant mayfly. In studies of Finnish

freshwatersC. luteolumhas a pH preference of The installation of a dam, and the consequent
approximately 6.0 (Hamaldinen & Huttunen,increases in mean water level and level
1996). The acid tolerant caddisfliesfluctuations, appear to have led to a substantial
Plectrocnemiaspp. andPolycentropusspp. were reduction in the abundance of some submerged
recorded throughout most of the monitoringSP€cies. In particulaN. flexilis which was
period, being most abundant in 1995 and 1994idespread during the first few years of
respectively. HoweverPlectrocnemiaspp. has monitoring, is now considered rare. Conversely,
been absent since 1996. RDA shows a significaftotamogeton natan which forms floating
linear trend at the 0.01 level. The shift in specie§aved beds in moderately deep water, appears to
relative abundance, and in particular the decreab@ve increased. Assessment of cover of
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submerged species has been hampered by the
problem of precise re-location of transects now
that the characteristics of the lake perimeter have
changed. It is highly likely that the water-level
change has also been responsible for the loss of
emergent stands dEquisetum fluviatile, Carex
rostrataandEleocharis multicaulislt is unlikely

that these species could become re-established at
the site unless water level management were to
cease for a considerable period. “Sample year” is
significant as a linear trend according to RDA
and restricted permutation tests but this almost
certainly results from the effects of water level
change.

B Summary

Despite geological sensitivity, Coire nan Arr
receives very low levels of pollutant inputs, and
has remained unacidic for most of the monitoring
period. Episodic pH and alkalinity reductions are
a feature of the site, due to large winter inputs of
marine ions and high rainfall, and it is possible
that these have influenced the inter-annual
differences in species assemblages of diatoms
and macroinvertebrates. However, negative
alkalinities, have not been recorded at any time
during the study period. Given the low levels of
pollutant deposition, loch chemistry appears
generally stable over the last ten years, but
significant increases have been recorded for
DOC and non-labile Al. A rise in water level
following damming, and subsequent water level
management since 1991, has led to considerable
inundation of the loch’s former shoreline. The
increased DOC at this site could therefore result
from peat erosion. However, similar trends are
observed at many other sites in the Network,
suggesting a more general pattern of rising DOC.
This issue is discussed in detail in Section 5.2.3.
Changes in water level have almost certainly lead
to a reduction in the representation of emergent
macrophytes (through loss of habitat), while out-
flow regulation may have had an impact on the
trout density of the outflow burn

L. Coire nan Arr Chapter Four
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Loch Coire nan Arr:
summary of fish
data (1988 - 1997)
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(b) Mean condition
factor (with
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Figure 4.1.5

Loch Coire nan Arr:

summary of fish

data (1989 - 1997)

(c) Trout length
frequency
summaries
(1989 - 1998)
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Adt
4.2 Allt a’Mharcaidh

m Site Review

The Allt a’Mharcaidh, in the western Cairngorm
of northeast Scotland, is a well buffered mounta
stream which is subject to occasional aci
episodes. No physical changes have been obser
in the study catchment since the onset !
monitoring in 1988. The Allt a’Mharcaidh was
studied as part of the SWAP project (e.g. Ferrier
Harriman, 1990). It is one of the two British site
represented in the UNECE Integrated Monitorin
Programme (UNECE - IMP) and is also

freshwater site in the UK Environmental Chang

Network (ECN).

m Water Chemistry

(Figure 4.2.2, Table 4.1.2-3)

The Allt a’Mharcaidh has a relatively well bufferec
chemistry, with a 10 year mean pH of 6.4f
Although the site can be considered acid-sensiti\
with a mean Ca of 4@eq I, S and N deposition
are low. Mean xSg@is 33 peq 1, whilst virtually

all incoming N is retained; NQOconcentrations in
88% of samples collected were below detectic
limits, and the maximum recorded wag.éq I

Table 4.2.1

Allt a’Mharcaidh: site characteristics

Grid reference NM 881045
Catchment area 998 ha
Minimum catchment altitude 325'm
Maximum catchment altitude 1111m
Catchment Geology granite

Catchment Soils alpine & peaty
podsols, blanket peat
moorland c. 98%
native pine ¢. 2%

1331 mm

Catchment vegetation

Mean annual rainfall
1996 deposition

Total S 12 kg halyrt
non-marine S 8 kg halyrl
Oxidised N 3 kg halyrl
Reduced N 5 kg halyrt

Allt a’Mharcaidh Chapter Four
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The Allt a’Mharcaidh is however subject to acidi
episodes, in which alkalinity falls to around zer
and pH to <5.5. Previous work by Harrimenal.
(1990) showed that approximately 75% of pH ar
alkalinity variation could be explained by flow
The main chemical change generating acidity
high flows appears to be dilution of base cations,
although occasional pulses of marine ion
deposition, notably in early 1993 (Figure 4.2.2)
may have generated acidic episodes through the
sea-salt effect. Apart from these infrequent events,
sea-salt inputs are generally low, reflecting the
inland location of this site.

Figure 4.2.1

Allt a’Mharcaidh
catchment

Trend analyses show little or no chemical change at
the Allt a’Mharcaidh over the last decade. The only
significant trend identified is for DOC (Table
4.2.3), which is found to be increasing using

m 51
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Tab|e 422 shown marked variation in their relative
abundance between vyear#y,. minutissima
showing relatively high abundances from 1991-
1992 and 1994-1995%. vaucheriaeand rare taxa,

Allt a’Mharcaidh: summary of chemical
determinand, July 1988 - March 1998

Determinand Mean Max Min including Gomphonema angustatufagg.] and

pH 645 708 512 Diatoma hyemal&ar. mesodonhave undergone
Alkalinity Leq I 442 910 -40 a decline in relative abundance since the onset of
Ca ueq 1 420 605 45 monitoring, whileAchnanthes modestiforntias

increased slightly. The species assemblage in

M ueq it 292 500 167 1998 samples was particularly unusual, with
Na peq it 1352 2130 913 . . . .
relatively high representation dBrachysira
K weq I+ 74 128 26 vitrea, B. brebissonii, Frustulia rhomboidear.
S04 weqt 444 729 292 saxonica and Achnanthes marginulataThese
xS0, Heq It 329 579 183 species have relatively low pH optima and their
NO3 peq I1 14 50 <14 increase is likely to reflect a sustained period of
Cl peq I 1101 2592 563 depressed pH over the summer of 1998 resulting
Soluble Al pg 1 357 166.0 <25 from unusually high flow conditions (see Section
labile Al ug I 67 460 <25 7.4.1). RDA analysis shows time as an explana-
Non-labile Al g I 208 1500 <25 tory variable to be insignificant at the 0.01 level
DOC mg |1 23 121 <01 and no trend is apparent in diatom inferred pH
Conductivity pScm? 240 380 140 for the site.

m Macroinvertebrates

regression analysis. However the same increase

is not found using SKT, and the time series plofFigure 4.2.4, Table 4.2.4)

(Figure 4.2.2) suggests that this trend may be the

result of a small number of high DOC samples iThe macroinvertebrate community of Allt
recent years rather than a genuine and sustaingharcaidh is diverse and dominated through-

increase. out the monitoring period by the acid sensitive
—__ . mayfly Baetisspp.. Several other acid sensitive
n Epllltth diatoms mayflies are also present in lower numbers,
including Rhithrogena semicolorata and
(Figure 4.2.3, Table 4.2.4) Heptagenia lateralis.The site also contains a

diverse assemblage of stoneflies of which
The epilithon of Allt a’Mharcaidh is dominated Leuctra inermisis most abundant, while other
by Synedra minuscula, Achnanthes minutissimaommon taxa include Brachyptera risj

and Fragilaria vaucheriae species typical of Protonemuraspp.,Amphinemura sulcicolliand
mildly acidic softwater streams. These taxa havihe predatory specidsoperla grammaticaand

Table 4.2.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units  Annual trend (Regression) Annual trend (Seasonal Kendall)

DOC mg |1 +0.11***

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity Figure 4.2.2
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Table 4.2.4

Allt a’Mharcaidh: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A{RDA/A,RDA A RDA/APCA

of squares of taxa diversity
Epilithic diatoms 306 94 42 0.52 0.49
Macrophytes 5 7 19 1.09 0.64
Invertebrates 173 33 47 0.30 0.27
Variance P
explained (%) within year between years linear trend unrestricted restricted
Epilithic diatoms 339 66.1 9.8 <0.01 0.05
Macrophytes * * 30.1 0.01 <0.01
Invertebrates 335 66.5 75 <0.01 0.27

Chloroperla tripunctata.The macroinvertebrate [ FlSh

community remains relatively persistent with no

marked changes in either species abundance @rigure 4.2.5(i), (ii))

composition. Time as a linear trend is not

significant at a 0.01 level, using RDA andTrout densities at this site are the third highest of
associated permutation tests. those found in the Network sites. Although

Table 4.2.5

Allt a’Mharcaidh: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

(% cover of 50 m survey stretch)
Year 88 89 90 91 92 93 95 96 97

INDICATOR SPECIES

Lemanaea sp.1 0.0 04 0.0 14 0.0 0.0 04 00 04
Brachythecium plumosum? <0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Brachythecium rivulare! ~ <0.1 <01 <01 0.0 00 00 <01 00 <01
Fontinalis antipyretica2 <0.1 <0.1 0.3 <0.1 0.2 13 23 13 05
Hygrohypnum ochraceum! 6.6 10.0 89 9.2 9.4 57 72 9.7 24
OTHER SUBMERGED SPECIES

Filamentous green algae 05 0.7 25 0.3 13 32 271 09 <01
Racomitrium aciculare 0.1 0.2 0.7 10 13 00 <01 0.2 0.2
Scapania undulata 11 0.8 12 0.7 14 11 20 30 20

total macrophyte cover 7.8 110 111 109 123 8.1 115 142 51
excluding filamentous algae

TOTAL NUMBER OF SPECIES
7 7 6 6 5 4 7 5 7
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Figure 4.2.3
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population densities of 0+ trout show someg Summary
variation over the ten years of monitoring, there

is no apparent trend in this fluctuation. Most.l.he Allt a’'Mharcaidh is a relatively well-

yez;rs 1sgh$);/v gEOd .recrut|rt]mer;1t_ vr\:|tht19d91, i?g%uffered site in a region of low acid deposition.
an showing € highest densl IesAIthough large episodic pH and alkalinity

Population densities of >0+ trout are more StablSepressions have been recorded, alkalinity values

and show a significant (p = <0.05) pos!tllve IInearsigniﬁcantly below zero have not been observed.
trend over the ten years data. Condition fact

has fluctuated i ith 1989 and 1990°° definite trends have been identified for any
o8 LLELaec over ame an chemical determinand or most biological groups,

shov_\;!ng ;chle hlq[hest tcon((jjltlon factors btUtItn_oaIthough data suggest a gradual increase in the
sighificant fong term trends are apparent. I%Iensity of older trout with time. The aquatic moss

interesting to note that 1991 had the highest O(J:rover was severely reduced following extreme

trout population density, one of the lowest pate conditions in 1997 and there is also

condition factors and the smallest coefficient oividence that inter-annual variation in the flow

variation of the CF. Length frequency graph?egime has an important influence on other

show a balanced population structure but Somg‘omponents of the macrophyte, diatom and

evidence of recruitment failure in the year prio%acroinvertebrate species assemblages.
to 1988. Salmon data show considerable
between-year variation but no trends with time in
either age class (Figure 4.2.5ii). The highest
densities of 0+ salmon were recorded in 1992 and

1997.
B Aquatic macrophytes
(Tables 4.2.4-5)

The aquatic macrophyte flora of the Allt
a’Mharcaidh is dominated by the acid sensitive
mossHygrohypnum ochraceunwhich covered
large areas of the survey stretch for much of the
monitoring period. Cover of this species was
substantially reduced in 1997, probably as a
result of physical scouring following a major
storm event in the early summer. Cover of the
acid tolerant liverwort, Scapania undulata
appears to have remained unaffected. The Allt
a’Mharcaidh is notable for the occasional bloom
of the red algd.emanaeasp. which is intolerant

of acid conditions. Its occurrence in 1989, 1991,
1995 and 1997 coincides with years of low
summer rainfall as recorded at the nearby
Meteorological Station at Aviemore, and could
reflect prolonged periods of elevated alkalinity.
“Sample year” is significant at the 0.01 level
according to RDA and associated permutation
test. The trend appears to be driven by slight
increases in the cover of the madsentinalis
antipyreticaand the liverworScapania undulata
and is unlikely to signify any chemical change at
the site.
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Figure 4.2.5 (ii)
Allt a’Mharcaidh:
summary of fish
data (1988-1997)

(a) Mean site density
of salmon (all
age classes)

(b) Salmon length
frequency
summaries
(1988-1997)
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Allt na Coire nan ConChapter Four

A8
4.3 Allt na Coire T

l:l planted pre 1988 PR g Il
n an ( O n felled and re-planted post 1988 ,// 2 !
s 1
)

m felled since 1988 L RN YN H
m Site Review o é{y Y

Allt na Coire nan Con, in the Strontian region ¢~ __- g
northwest Scotland, is a fast flowing stream withi ¢ ; \\52‘:” J

a partially forested catchment. The bulk of th M /."‘% ;
catchment was planted (predominantly with spru ‘*‘ \MW -
and larch) around 1970. Grazing on the upp SIIEN @‘
slopes is confined to deer. Considerable felling a \’_\\:. % :
some re-planting has been carried out, particula S _\T-”’T{’\\““Q"Z/gannaccﬂe

over the last 5 years (see Figure 4.3.1), includii 500m
areas close to the survey and sampling stretche:

=~
~N_~-—

. Figure 4.3.1
n Water ChemlStry Allt na Coire nan

Con: catchment

(Figure 4.3.2, Table 4.3.2-3) . . .
episodes have been recorded, with pH falli

Mean pH (5.85) and alkalinity (2Req H) are below 5.0 and alkalinity becoming negative durir
somewhat lower than at Loch Coire nan Arr, trthe most severe events. Sea-salt inputs

other northwest Scotland site, and mean x@0 extremely high, since the catchment is very close
ueq H) substantially higher. A number of acidicthe west coast. As winter sea-salt deposition eve

Table 4.3.1 Table 4.3.2

Allt na Coire nan Con: site characteristics Allt na Coire nan Con: summary of
chemical determinands,

Grid reference NM 793688 June 1988 - March 1998
Catchment area 790 ha Determinand Mean Max Min
Minimum catchment altitude 10m
Maximum catchment altitude 756 m pH 5.85 6.70 4,96
Catchment Geology schists and gneiss Alkalinity peq it 216 980 -11.0
Catchment Soils peaty podsols, Ca peq 't 575 1075 225
peaty gleys, peats Mg peq 't 675 175.0 25.0
Catchment vegetation conifers 42% Na peq 't 2622 569.6 1522
recently felled 4% K peq I 9.0 185 26
moorland 54% S04 peq It 613 1104 354
Mean annual rainfall 2582 mm xSO4 peq 't 30.2 815 7.7
1996 deposition NOs peq I 43 171 <14
Total S 22 kg halyri Cl peq Il 2963 8169 1268
non-marine S 12 kg halyrt Soluble Al pg I 65.7 1310 120
Oxidised N 5 kg halyrl Labile Al pg I 174 980 <25
Reduced N 6 kg halyrl Non-labile Al pg I 485 110.0 10.0
DOC mg |1 39 100 <01

Conductivity puScml 463 108.0 20.0
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tend to coincide with periods of high rainfall, it is g Ep|||th|C diatoms
likely that the major winter acid episodes result

from the net effects of marine ion displacemenj .
of H* ions and base cation dilution. NO éFlgure 4.3.3,Table 4.3.4)

although still low (mean 4.8eq 1), is present at The epilithic diatom flora of Allt na Coire nan

measurable concentrations during winter period&on shows considerable inter-annual variability.
suggesting the commencement of nltrOgegamples from the early years of monitoring were

saturation. Since estimated moorland S and Hominated byAchnanthes saxonicgH optima

deposition are similar at the two north Wester% 7). This species was less abundant between
sites (Tables 4.1.1 and 4.3.1), the more impac:teldgg'3 - 1997, wherBynedra minuscula

nature of Allt na Coire nan Con may result fromA

L . minutissimaand Brachysira vitrea
elevated dry deposition inputs to the large area ?5” of which have slightly higher pH
coniferous forest.

preferences) increased, but it became dominant

SKT vsi q in Cl again in 1998. The acidophilous species
analysis suggests a decrease in over. tH‘%‘Lbellaria flocculosawas the dominant taxa in

study period, but this is not detected USING 993. Diatom inferred pH values correlate
ggresspn. S_lqc?l:hle (;]nly significant sourcg _oélosely with summer rainfall totals for the nearby
Is marine, itis likely that any apparent tren Ir]\/Ieteorological Station (Inverailort), suggesting

this anion is the result of natural C“matlcthat the species assemblage has been strongly

variation. This is supported by the time serie§nﬂuenced by natural pH variations linked to

data and LOESS fit (Figure 4.3.2f) showing %/arying summer flow conditions (see section

period of raised CI during the early part of the7.4.1). “Sample year” is insignificant as a linear

record. trend using RDA and restricted permutation test.

Both trend detection methods indicate highl)i MacrOinvertebrates

significant increases in DOC over the monitoring

period, which appears to have taken place at an_

approximately constant rate (Table 4.3.3, FigurfFigure 4.3.4,Table 4.3.4)

4.3.2). The total estimated increase of 2.8 rhg | . ) )

over the ten years is similar to that at Loch Coird "€ macroinvertebrate fauna is typical of a
nan Arr, but from a higher initial value. An Mildly acid oligotrophic  stream, and is
associated increase is also apparent for non-labfi@aracterised by chironomidae, Simulidae and a

Al The issue of DOC trends is discussed iffiverse fauna of both mayflies and stoneflies.
Section 5.2.3. The acid sensitive mayfly Rhithrogena

semicoloratadominated the first seven years of

Table 4.3.3

Allt na Coire nan Con: significant trends in chemical determinands
(June 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)

C1 peq 1-1 - -7.65*
DOC mg 11 +0.21%** +0.25**
Non-labile Al pg 1-1 +1.13** +1.00*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity

1989 1991 1993 1995 1997 1989 1991 1993 1995 1997

(c) Sulphate (d) Non-marine Sulphate

1989 1991 1993 1995 1997 1989 1991 1993 1995 1997

(e) Nitrate (f) Chloride

1989 1991 1993 1995 1997 1989 1991 1993 1995 1997
(g) Calcium (h) Sodium
: !
500 d
= 400
o
3
= 300
200
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100
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=
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(k) Total Soluble Al () Dissolved Organic Carbon
)
£
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997

Figure 4.3.2

Allt na Coire nan
Con: summary of
major chemical
determinands
(June 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.3.4

Allt na Coire nan Con: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A{RDA/A,RDA A RDA/APCA

of squares of taxa diversity
Epilithic diatoms 325 65 33 0.36 0.36
Macrophytes 27 7 24 1.16 0.80
Invertebrates 781 37 51 0.88 0.67
Variance p
explained (%) within year between years linear trend unrestricted restricted
Epilithic diatoms 29.0 71.0 11.8 <0.01 0.03
Macrophytes * * 458 <0.01 <0.01
Invertebrates 494 50.6 158 0.00 <0.01

the study period, whil8aetisspp. was present well as predators Isoperla grammaticaand
throughout and showed an increase in numbers @hloroperla tripunctataSeveral ‘new’ species of
1996. Siphlonurus lacustriappeared in 1993 caddisfly were recorded after 1992, among them
andHeptagenia lateraliswhich first appeared in Chaetopteryx villosa Silo pallipes and
1992, has shown an increase in abundance in thepidostoma hirtumthe latter intolerant of very
latter years of the study. The stonefly communitacid conditions. Moderately acid sensitive
includes the detritivoresBrachyptera risj ColeopteraHydraena gracilisand Elmis aenea
Leuctra inermisandAmphinemura sulcicollisas  were first recorded in 1994. 1990 was a very poor

Table 4.1.5

Allt na Coire nan Con: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

(% cover of 50 m survey stretch)
Year 88 89 90 91 92 93 95 96 97

INDICATOR SPECIES

Hygrohypnum ochraceum? 160 162 166 94 37 15 0.2 04 0.1
Hyocomium armoricum? <01 36 04 07 03 01 <01 01 02
OTHER SUBMERGED SPECIES

Filamentous green algae <01 <01 01 319 <01 0.0 0.0 0.0 0.0
Marsupella emarginata 02 <01 00 01 00 0.0 0.0 00 <01
Racomitrium aciculare 05 39 <01 00 00 00 <01 00 00
Scapania undulata 08 04 25 21 11 04 0.3 0.7 0.0
Juncus bulbosus var. fluitans 00 00 <01 00 00 00 <01 00 00

total macrophyte cover
excluding filamentous algae 175 241 195 124 54 21 06 12 05

TOTAL NUMBER OF SPECIES 6 6 6 5 4 5 4 5 3
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year both in number of species and abundancsurvey channel has increased in recent years; this
Time as a linear trend accounts for 15.8% of this perhaps indicative of a general increase in the
total variance and is significant at the 0.01 levekuspended load of the stream which would also
There is some indication of an improvement irhave had a detrimental effect on plant growth. As
conditions as species richness has increased dh the Allt a’Mharcaidh, where a recent storm
the second half of the study period, although thisvent is also suspected to have had an impact on
could be linked to a decline in spring flowthe dominant moss, the ubiquitous and acid-

conditions (Section 7.4.2). tolerant liverwort Scapania undulatadloes not
] show a similar reduction in cover. The changes in
[ | FISh cover with time are statistically significant at the
0.01 level according to RDA and associated
(Figure 4.3.5) restricted permutation tests and almost certainly

result from the physical influences described
Trout densities at this site are intermediate foabove.
those found on the Network. Mean population
densities of both 0+ and >0+ trout show no trendll Summary
over the ten years. However, in common with
several other Scottish sites, densities of 0+ fisAllt na Coire nan Con is not chronically acidic,
showed a peak in 1991, and higher than averapeat moderate levels of anthropogenic S and N are
recruitment also occurred in 1990 and 1995. Vergresent in runoff, thought to have been increased
low densities of >0+ fish were recorded in thredy the presence of forestry within the catchment.
consecutive years between 1992-1994 despite tAeidic episodes have been observed, driven by
high recruitment observed in 1991. Significansea-salt deposition and high rainfall events and
negative linear trends are apparent in théhe reduction in these in the latter half of the
coefficient of variation of CF for the 0+ grouprecord could account for the observed changes in
(p<0.01 df = 8) and the condition factor of thethe macroinvertebrate community. The summer
>0+ group (p<0.01 df = 8). The causes of theskow regime appears to have exerted a strong
apparently conflicting trends are unclear, with thénfluence on the diatom flora, while possible
former suggesting improved conditions forchanges in the hydrological pathway and
newly recruited trout and the latter possiblyincreased suspended load as a result of catchment
suggesting deterioration. Neither trend appears felling may have contributed to the reduction in

relate to temporal variation in density. aquatic moss cover. However at this stage there
is little evidence of the effect of tree felling on

n I\/Iacrophytes water chemistry. Strong rising trends have been
observed in DOC and non-labile Al. Since these

(Tables 4.3.4-5) are observed in several other Scottish sites they

are not likely to reflect within catchment
The aquatic macroflora of Allt na Coire nan Corchanges.
was dominated by the acid sensitive moss
Hygrohypnum ochraceurduring the first few
years of monitoring. However, the cover of this
species reduced substantially after 1991 and by
1997 only a few isolated plants were present in
the survey stretch. Given the absence of any
deterioration in water chemistry, it seems most
likely that the reduction in cover has resulted
from physical scouring during storm events.
These could have become more abrupt following
clear felling within the catchment and the
consequent effects on catchment hydrology. In
addition, the amount of timber debris in the
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Figure 4.3.4
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Figure 4.3.5 ())
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4.4 Lochnagar

m Site Review

At an altitude of 785 m in the Grampian Mountain
of northeast Scotland, Lochnagar is the highest
the UKAWMN lakes. Palaeoecological pK
reconstruction indicates that Lochnagar acidifie
from around pH 5.6, in the mid-nineteenth centur
to around pH 5.0 by the 1940s (Patratkal. 1989,

Patrick et al. 1995). Although prone to a
considerable duration of ice cover during son
winters, the extent of the freezing period has be
highly variable over the past decade, with ice on
present for a few days during the winter of 199
1998. Scientific work at Lochnagar has increast

since its inclusion in the EU funded mountain lake !

projects AL:PE, MOLAR, CHILL and, most
recently, EMERGE, in addition to a DETR study ¢
the impact of heavy metals deposition an
additional sampling carried out for the
Environmental Change Network. There have be
no physical disturbances in the catchment, otr
than occasional scree falls from the corrie bac
wall, since the onset of monitoring in 1988.

Table 4.4.1

Lochnagar: site characteristics

Grid reference NO 252859
Lake altitude 785 m
Maximum depth 26m
Mean depth 84 m
Volume 82x105m3
Lake area 9.8 ha
Catchment area (excl. lake) 919 ha
Catchment: Lake area ratio 9.37
Catchment Geology granite
Catchment Soils peats
Catchment vegetation alpine - moorland

100%
Net relief 370 m
Mean annual rainfall 1536 mm

1996 deposition

Total S 16 kg halyrl
non-marine S 13 kg halyrl
Oxidised N 6 kg halyrl
Reduced N 8 kg halyrl

Contours in metres

0

Lochnagar Chapter Four

Lochnagar

500 metres
]

Figure 44.1

Lochnagar:
catchment

Table 4.4.2

Lochnagar: summary of chemical
determinands, June 1988 - March 1998

Determinand Mean Max Min
pH 533 581 4.95
Alkalinity peq I 06 120 -100
Ca peq it 29.0 50.0 215
Mg peq It 333 58.3 250
Na peqll 939 1739 69.6
K peq I 74 12.8 2.6
SO, peq It 577 854 45.8
XSO, peq 1 483 744 354
NO4 peq It 157 307 <14
Cl peq I 893 166.2 50.7
Soluble Al pg I 418 1470 4.0
Labile Al pg I 255 1370 <25
Non-labile Al pg I 16.5 410 <25
DOC mg I 11 34 02

Conductivity pScml 21.8 35.0 4.0
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m \Water Chemistry (5 or 8peq H respectively), whilst N@has risen
over the same period (11 or 1#q t1). The

combined effect of these trends should be a
reduction in pH and alkalinity, and a declining

Lochnagar is acidic with a ten year mean pH 0tlrend is indeed observed for pH using regression,
5.33 and a mean alkalinity of O&q . Unlike although not SKT. Examination of time series

the other sites in northern Scotland, mean Iabil%nOI LOESS p!ots confirm that a reasonably
Al concentrations exceed those of non-labile All_lnear xSQ decline has takgn place (?ver the last
Much of the Lochnagar catchment comprisegen years. However the increase in Jénd

bare granite or thin soils, resulting in a ver)ﬁSSOCiated Qecrease in pH appear to have
limited buffering capacity (mean Ca=2@q H) occurred during a short period, from 1992-1995,

and therefore high sensitivity to acid deposition.Slnce when concentrations have remained fairly

The mean xSQconcentration of 4gieq 1 is stable. The possibility that the NQncrease
higher than at the other northern Scotland siteg?ﬂe(_:ts a short tgrm ] cI|ma.t|c ) fluctua’uon,
and NQ is also moderately high with a mean 01possmly due to climatic variability, cannot
15.7peq H. It is probable that, due to the sparséhereff)re be ruled out at .th|s ,St'?‘ge; further
soil and vegetation cover, and low ambien?ampl'ng should help to clarify this issue. As at

temperature, the catchment has little ability t&nost other UKAWMN, regression analysis

immobilise incoming N deposition, and hasSudgests that DOC has risen during the last ten

therefore reached a more advanced stage of ¥§ars. In this case by approximately 0.8 rag |
saturation than lower altitude catchments in th ST .

same region. Marine ion concentrations ar? Epllltth dlatoms

lower and less variable than at west coast sites,

and in general it appears that the site is ndFigure 4.4.3,Table 4.4.4)

subject to major episodic variations, with ranges

of pH (4.95 to 5.81) and alkalinity (-10 to i2q The epilithic diatom flora of Lochnagar is
I-1) among the lowest in the Network. Seasondglatively diverse and dominated by acidophilous

variations are also weak or absent, perhaggxa.Achnanthes marginulatgH optima 5.2) is

reflecting the low level of biological activity generally the most abundant species, although
within the catchment. Tabellaria flocculosgpH optima 5.4) was more

abundant in 1991 and more recently in 1997-
Trend analyses (Table 4.4.3) indicate that th&998. Eunotia incisa (pH optima 5.1) was
chemistry of Lochnagar has Changede|ative|y abundant from 1990-1992 but has
substantially over the last decade. Both SKT angince declined. Diatom inferred pH (derived
regression suggest that xg@as fallen slightly from weighted averaging) demonstrates that the

(Figure 4.4.2, Table 4.4.2-3)

Table 4.4.3

Significant trends in chemical determinands ( July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH -0.020* -

SO, peq I -0.94* -0.562*

XSO, peq I -1.00** -0.67**

NO; peq I +1.43%** +1.13*

DOC mg I +0.08* -

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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m 73



Chapter Four

Lochnagar

74 m

Table 4.4.4

Lochnagar: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number Mean N, ARDA/MNRDA A RDA/APCA
of squares of taxa diversity
Epilithic diatoms 481 145 72 0.26 0.26
Macrophytes 18 11 6.5 0.32 0.30
Invertebrates 871 25 25 052 0.40
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 56.3 43.7 52 0.06 044
Macrophytes - - 15.8 0.34 0.12
Invertebrates 430 57.0 104 0.00 0.00

assemblage reflects the deterioration in phy Macroinvertebrates

evident from water chemistry samples since
1993. Despite this, RDA and associated reStriCteFFigure 4.4.4,Table 4.4.4)
permutation test show no significant linear time Y o
trend over the full period, at the 0.01 level. Thel_

. .The impoverished macroinvertebrate fauna is
sediment trap record for Lochnagar only began in " . .
. typical of a moderately acidic, high altitude lake.
1991 and the sample for 1992 was lost (Figur . ) ) i
he fauna is dominated by chironomids and the

4.4.6). No trends are evident in this limited . o o

... .stonefly Capnia spp., which is patchy in its

dataset, although there are clear similarities in L .

. . . . occurrence (only one individual was recorded in
species representation with the epilithon.

Table 4.45

Lochnagar: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES
Sphagnum auriculatum4 3
Juncus bulbosus var. fluitans#
OTHER SUBMERGED SPECIES
Filamentous green algae
Fontinalis antipyretica
Racomitrium aciculare
Cephalozia connivens

Marsupella emarginata

Nardia compressa

Plectocolea obovata

Scapania undulata

Isoetes lacustris

=
N W
N W
N W
N W
N W
N W
w w

N WO R OO O R K
N WERE P OOOO W
N WERE WO R Rk PP O
N WONOOOLEPRN
N WO WER OO P K-
N WONOOO R R
N WONOORREN
N WO NOOLR PR P

TOTAL NUMBER OF SPECIES 7 7 9 7 8 7 8 8
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1994). Several other species of stonefly arBuitans are the only vascular species which
present including Diura bicaudata and appear able to withstand a combination of
Siphonoperla torrentium  Acid tolerant adverse factors including low nutrient
stonefliesNemurella pictetiiand Protonemura availability, the effects of ice scouring, low
spp. appeared after 1991. Other common taxanbient temperature and strong wave action. The
include the water beetl®reodytes davisiiand Loch is dominated by liverworts, and particularly
members of the caddisfly family, the Nardia compressawhile the mossFontinalis
Limnephilidae, and the Tipulidae. Time as antipyreticais present in a few isolated locations.
linear trend is significant at the 0.01 level. Thelhe cover ofJuncus bulbosugar. fluitans along
apparent shift in stonefly species, frotdemoura two of the three fixed transects has expanded in
spp. to Nemurella picteti the increase in the recent years, and there is also evidence for an
relative abundance oPlectrocnemiasp. and increase in other areas of the loch. Expansion of
Polycentropussp., and the general decline inthis species in low altitude soft-water lakes in the
species richness, are all indicative of increasiniyetherlands is well documented and attributed to

acidity. N enrichment, particularly from ammonium
. sources (Roelofst al, 1984, Schuurkest al ,
n F|Sh 1987). It is unlikely that the NHsupply to the
Loch has increased recently but the observed
(Figure 4.4.5) changes may be linked to rising RNO

concentrations. Despite this observation, linear
The outflow stream of Lochnagar has been fisheghange in relative abundance with time is
since 1989. The electrofishing site isinsignificant according to RDA and associated
significantly downstream of the water chemistrytestricted permutation test.
sampling point and it is likely that geological
buffering results in less acid conditions tharjg Summary
those experienced at the actual outflow. This

could explain why, when the Loch troutpq (g its high altitude and thin soils, Lochnagar
population is believed to be impoverishedgyhears to have been significantly acidified by

densities within the fishing stretch are high, angh,,_moderate levels of acid deposition. Trend

indeed the highest found in the Network'analyses indicate that although xSO

Densities of 0+ group fish were relatively low for ., entrations are now declining at the site, a
the site in 1993, 1996 and 1997, but no trends ajg e rise in NQover the past decade has led to
apparent over the nine years of data. Densities gf,  5yerall worsening of Loch acidity. This

>0+ group are variable, three years (1990, 1995041 o be reflected in the changing species
& 1996) being significantly above averagesssemblages  of  epilithic  diatoms  and
Condition factor and the coefficient of Variationmacroinvertebrates, and possibly in the
of the condition factor for both age groups alsQynansion of cover of the acidophilous aquatic
show no time trends. Length frequency graphg,acrophyteduncus bulbosusar. fluitans The
indicate a healthy population structure, althougRensity of newly recruited trout, downstream of
numbers of larger fish (>100 mm) are relativeljhe | och outflow, has fallen over the last two

low in certain years. This feature does not seefyars of monitoring but is still considered high
to be linked to the recruitment reduct|on$for an acid system.

mentioned above.

B Aquatic macrophytes

(Tables 4.4.4-5)

The impoverished macroflora of Lochnagar

reflects the extreme altitude and acidity of the
site. Isoetes lacustriand Juncus bulbosusar.
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Figure 4.4.5

Lochnagar:
summary of fish
data (1989 - 1997)
(a) Trout population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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4.5 Loch Chon

m Site Review

Loch Chon is a relatively large loch in the!
Trossachs region of central Scotland. Its rece

palaeoecological history was studied in the SWA
programme (Battarbee & Renberg, 1990). Th
work suggested that the loch has undergo
dramatic acidification over the last 150 years, wi
the pH falling from around 6.4 to around 5.0 b
1992 (Patriclet al, 1989; Kreiseet al, 1990). An
accelerated rate of acidification in recent decad
was attributed to afforestation of the catchmer
Today large areas of the catchment are covered
mature coniferous forest. In 1995, a small forest
access road was constructed parallel to the w
shore, but to date felling has been restricted
small areas to the northwest of the site (Figu
4.5.1). Local agriculture at the north end of the loc
may have caused mild nutrient enrichment in tt
north bay, where the aquatic macroflora is mo
diverse, but its influence on the site as a whc
appears to be negligible.

Table 4.5.1

Loch Chon: site characteristics

Grid reference NN 421051
Lake altitude 100 m
Maximum depth 25m
Mean depth 76m
Volume 7.3 x 106 m3
Lake area 100 ha
Catchment area (excl. lake) 1570 ha
Catchment: Lake area ratio 157
Catchment Geology mica schists and grits
Catchment Soils peaty gleys, peaty

podzols
Catchment vegetation conifers - 44%

moorland - 52%
recently felled - 4%

Net relief 500 m
Mean annual rainfall 2258 mm
1996 deposition

Total S 29 kg hal yri
non-marine S 23 kg hal yri
Oxidised N 10 kg hal yrl
Reduced N 13 kg ha'l yrl

1000 m

L. Chon Chapter Four

Forest

FELLED 1997/98
] FELLED 1996/97
FELLED 1995/96

Figure 4.5.1

Loch Chon:
catchment

Table 45.2

Loch Chon: summary of chemical
determinands, June 1988 - March 1998

Determinand Mean Max Min
pH 5.60 6.47 499
Alkalinity peq I 9.6 710 -8.0
Ca peq It 780 1010 64.5
Mg peq 't 508 75.0 417
Na peq it 1909 3043 1174
K peq I 74 12.1 2.6
SO, peq It 719 917 39.6
XSO, peq 't 485 704 24,0
NO, peq It 121 243 <14
Cl peq It 2231 4113 1127
Soluble Al pg 1 593 126.0 14.0
Labile Al pg I 199 690 <25
Non-labile Al pg I 395 80.0 120
DOC mg |1 32 6.2 17

Conductivity —pS cm1 395 61.0 230
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[ Water Chemistry 5.3.2). NQ appears to have risen since 1994,

producing a positive trend using regression
analysis but not SKT. As at Lochnagar, addition-
al sampling is required to establish whether this
Loch Chon is a moderately acidic site, with J_epresgnts_asustaingd increase or simply a short-
lived climatic fluctuation. DOC has again shown

a highly significant and sustained increase over
tge monitoring period, estimated using SKT at 2
mg It over the ten years.

(Figure 4.5.2, Table 4.5.2-3)

mean pH of 5.60 and a mean alkalinity ofpd)
[-1. Mean xSQ is 49 peq H and mean NQ12
peq . Large seasonal cycles are observed for
number of determinands including pH and Al

species. Sea-salt inputs are fairly high, with large data for th i haidh
inter-annual variability evident in time series and_ongerterm ata for the Caorainn Achaidh Burn,

LOESS plots for Na and Cl (Figures 4.5.2f,n)Which drains a predominantly moorland

Peaks in marine ion concentrations occurred iﬁfatchment. 3 km west of Loch Chon, are

1989 and again 1993, each time followed by Q'SCUSSEd in Chapter 6.

period of steady decline. These marine io ST .

‘cycles’ are thought to have a significant impacrp Epllltth d|at0m3

on surface water chemistry and trend detection at

this and other near-coast sites through a sea-séfigure 4.5.3, Table 4.5.4)

effect operating over a prolonged, rather than

only at an episodic, timescale (Evastsal, in Major changes are evident in the relative

press; Section 5.3). abundance of epilithic diatom species in samples
from Loch Chon. RDA and associated

Trend analyses suggest that both pH anpermutation tests show that “sample year” is

alkalinity are increasing at Loch Chon: pH byhighly significant at the 0.01 level. The time

approximately 0.4 units over ten years andrend appears to be strongly influenced by

alkalinity by 10-14peq . These increases arerelative declines il\chnanthes marginulatgpH

reasonably well supported by time series ploteptima 5.2) andEunotia incisa(pH optima 5.1)

(Figures 4.5.2a,b), although in recent yeargand increases irBrachysira brebissonii(pH

values appear to have levelled off or perhapsptima 5.3) andB.vitrea(pH optima 5.9). These

begun to decline. At this stage no definitechanges are therefore consistent with a

reduction in xSQ can be identified, and it is “recovery” response and are supported by the

therefore uncertain whether genuine chemicalbserved improvements in water chemistry.

recovery has taken place. The observed marirfgaution should be taken in interpretation of these

ion cycles may provide an alternativetrends for the reasons given in the water

explanation for acidity changes (see Sectionhemistry section, and further years of

Table 4.5.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH +0.043* +0.044*

Alkalinity peq I - +1.00*

NO, peq I +0.86** -

DOC mg |- +0.16** +0.20**

labile Al pg 1 -2.72*%* -2.00**

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Figure 4.5.2

Loch Chon:
summary of major
chemical
determinands
(September 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 454

Loch Chon: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number  MeanN, ) RDA/\,RDA ) RDA/\PCA

of squares of Taxa diversity
Epilithic diatoms 390 114 75 0.82 0.60
Macrophytes 35 27 16.6 0.94 0.85
Invertebrates 581 68 23 0.87 0.65
Variance p

explained (%) within year between years linear trend unrestricted restricted

Epilithic diatoms 45.6 54.4 155 <0.01 <0.01
Macrophytes * * 315 0.04 0.19
Invertebrates 374 62.6 141 <0.01 <0.01

monitoring are necessary to ascertain to whaliatom assemblage will only be ascertained with
extent they represent long term uni-directional asirther monitoring.

opposed to cyclical change. Interestingly, the .

most abundant specieNavicula leptostriata W MaCI'OlnvertebrateS

which has a relatively acid preference (pH

optima 5.1), was most abundant during 1989(Figure 4.5.4,Table 4.5.4)

1990 and in 1993, periods when sea-salt

deposition and January r.ainfalll Was.highest an'fihe macroinvertebrate fauna of Loch Chon is the
loch water was most acid. Diatom inferred pHy gt giverse and abundant of all the monitoring
(derived from weighted averaging) correlategtes The fauna is typical of a moderately acid
highly with  both measured pH and Cljgxe and is dominated by the acid tolerant mayfly
concentration (see Section 7.3). This suggesfgm“y, the Leptophlebiidae, which make up at
Fhat cllmatlc effepts have bgen major f(f‘Ctor?east 60% of the total composition in all years.
influencing species composition. The diatoMyiher mayfiies present includeSiphlonurus
assemblage of sediment trap samples Showgy stris, Ameletus inopinatuand Heptagenia
some temporal similarity to that of the epilithon, 5¢erajis which was recorded in high numbers in
in thatB. vitreahas increased markedly with time 1 gg- only. Several species of acid tolerant
(Figure 4.5.6). More generally however, there arfayitiyorous stonefliesNemouraspp., Leuctra
mar.ked dlﬁerer?ces. Cpmparlson be'gween thr?lermis and Leuctra nigrg have been recorded
sediment trap time series and a sediment Coge,gically. Acid tolerant caddisflies such as
profile taken at the onset of monitoring prov'dq?olycentropusspp., Plectrocnemiaspp. and
some evidence that real recovery in the diatomy,qcentropusspp. were present throughout the
flora is underway (Figure 7.4, Section 7.2.5). Thgy,qy period. There is a very diverse community
positive trend irB.vitreaand the negative trends corixids:Hespercorixa sahlbergandCymatia

in Cymbella perpusillaand, possibly,Eunotia bonsdorffi dominated the first 4 years and
incisa are the reverse of those recorded in thg  icorisa germari and Sigara distincta
latter stages of acidification in the sediment COr&.haracterised the second half of the monitoring
The relative contributions of emission induced,erjog. Time as a linear trend is significant at the
improvements in water chemistry and climaticy 91 |evel. The trend appears to be mainly
effects to this apparent reversal in the sedimegt;,en by changes in the species composition of
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Table 45.5

Loch Chon: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Myriophyllum alterniflorum? 3 3 3 3 3 3 3 3
Utricularia sp.2 2 2 2 2 2 2 2 2
Callitriche sp.3 0 0 1 1 1 1 1 0
Potamogeton berchtoldii3 0 0 0 0 0 1 1 1
Sphagnhum auriculatum4 3 3 2 2 3 3 3 3
Juncus bulbosus var. fluitans4 5 5 5 5 5 5 5 5
OTHER SUBMERGED OR FLOATING SPECIES

Batrachospermum sp. 4 3 2 2 2 2 2 2
Filamentous green algae 4 4 4 4 4 3 4 2
Calliergon cordifolium 0 0 1 0 0 0 0 0
Fontinalis squamosa 1 1 1 1 1 1 1 1
Marsupella emarginata 0 0 0 1 1 0 1 0
Scapania undulata 0 0 0 1 1 0 1 1
Isoetes lacustris 3 3 3 3 3 3 3 3
Littorella uniflora 3 3 4 4 4 4 4 4
Subularia aquatica 0 0 0 0 0 0 1 1
Elatine hexandra 0 0 0 0 0 0 1 1
Lobelia dortmanna 3 4 3 3 3 3 3 3
Nuphar lutea 1 1 2 2 2 2 2 2
Nymphaea alba 1 1 2 2 2 2 2 2
Potamogeton natans 0 0 1 0 0 0 0 0
Potamogeton polygonifolius 0 0 1 0 0 0 0 0
Sparganium angustifolium 2 2 2 2 2 2 2 2
EMERGENT SPECIES

Equisetum fluviatile 1 1 2 2 1 1 1 1
Hydrocotyle vulgaris 1 1 2 2 2 2 2 1
Menyanthes trifoliata 1 1 1 1 1 1 1 1
Ranunculus flammula 3 3 3 3 3 3 3 3
Carex rostrata 2 3 3 2 3 3 3 2
Eleocharis palustris 3 3 3 3 3 3 3 2
Glyceria fluitans 1 1 2 2 2 3 2 1
Juncus acutifloris/articulatus 4 4 5 5 5 5 5 4
Juncus effusus 2 2 2 2 2 2 2 2
Phragmites australis 2 2 2 2 2 2 2 2

TOTAL NUMBER OF SPECIES

N
w
N
w
N
\‘
N
o]
N
o]
N
(¢, ]
N
©
N
\l
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Corixidae and Coleoptera. These species amistralis Equisetum fluviatile and Carex
aquatic both as nymphs and adults, but theiostrata and floating leaved beds duphar
distribution is thought to be influenced more bylutea Nymphaea alband Potamogeton natans
short term variations in weather conditionsThe fine leaved pondweedP. berchtoldii,
particularly as these affect dispersal, rather thaBubularia aquaticaand Elatine hexandrawere
changes in water chemistry. However, speciegcorded for the first time in the bay at the north
richness has shown a general increase whi@nd of the Loch in 1995 and again in 1997. Itis
appears to follow the trend of rising pH, withpossible that the appearance of these species has
particularly low numbers of species recorded imesulted from the recent amelioration in acidity,
the high sea-salt /low pH years of 1990 and 1993lthough it is also feasible that the bay has been
Further years of monitoring are thereforesubject to slight and localised nutrient
required to assess the extent to which thesmrichment from local agriculture. Apart from
changes are sustained and therefore indicative thfese recent changes the flora for the bulk of the

recovery. Loch remains unchanged throughout the decade.
m Fish B Summary
(Figure 4.5.5) Loch Chon has a pH intermediate among

UKAWMN sites. Afforestation has clearly
The outflow stream from Loch Chon has beefntensified acidification as the site is much more
electrofished since 1989. Trout densities at thléCIdlC than the nearby unafforested Loch Tinker.
site are the fourth hlghest found in the NetWOI"q’here is some evidence of increased pH and
sites. The mean population density of both Ojlkalinity over the last decade but since this has
and >0+ trout varies widely between years. As &ot been matched by a reduction in 3®NO;
several other Scottish sites, density patterns of G+is currently unclear whether this improvement
fish are heavily influenced by the highis the result of reductions in acid deposition.
recruitment year of 1991, but if this year isLarge natural fluctuations in marine ion
disregarded the data show a steady increase WiBncentrations and rainfall may provide
time. Condition factor of O+ fish appears to haveyternative explanations for the observed changes
increased gradually since 1990 although itg acidity. Epilithic diatoms, sediment trap
coefficient of variation has remained Stalejia'[oms, aquatic macrophytes, macro-
through time. There is also evidence for a generglvertebrates and the trout population, all provide
increase in the condition factor of the >0+ groupndications of improved conditions. Further
while its coefficient of variation shows markedmonitoring is essential to determine the extent to
variation between years. The length frequencyhich apparent “recovery” at this site is a real

graph demonstrates that despite the larg@sponse to emissions reductions as opposed to
recruitment in 1991 there was only a smalpart of a climatic cycle.

subsequent increase in >0+ fish in 1992.
B Aquatic macrophytes
(Tables 4.5.4-5)

The aquatic macroflora of Loch Chon is diverse
and typical for moderately acid lakes with
sheltered habitats. The isoetiddobelia
dortmanna and Littorella uniflora dominate
much of the shallows witHsoetes lacustris
Myriophyllum alterniflorumandJuncus bulbosus
var. fluitans abundant in deeper water. Sheltered
areas include emergent stands Rifragmites
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(a) Density FIgUI’e 455

Loch Chon:

summary of fish

data (1989 - 1997)

(a) Trout population
density for 0+
and >0+ age

classes
(individuals
100 m-2)
(b) Mean condition
factor (with
ot standard
fished } } } } } } } } } deviation) of the

trout population

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 and its
- - coefficient of
M Density 0+ [ Density >0+ variation

(histogram)

(b) Condition (0+)

cv (histogram)

o N A O

|
-
N
mean condition factor

20
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Q O O ©
|| not Q o) 0
fished @
1 1 1 1 1 1 1 1 1 1.0
1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Condition (>0+)
T 1.2

T 11

cv (histogram)

mean condition factor

Ziaadllaln
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Figure 455

Loch Chon:
summary of fish
data (1989 - 1997)
(c) Trout length
frequency
summaries
(1989 - 1997)
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4.6 Loch Tinker

m Site Review /
/
Loch Tinker lies in a non-forested upland moorlar /I
catchment to the east of Loch Chon, and the t ,l
sites have been used as a experimental / con /I
pair to examine the influence of forestry ol //
acidification (Kreiseet al. 1990) and other aspects /
of water quality (Section 5.5.1). In the forme ///
study, pH reconstruction using the fossil diato! /
assemblage of sediment cores suggested that ‘\
loch had acidified from around pH 6.5 in the mic \
19th century, to around pH 5.5 by 1991. There h \\ \
been no physical disturbance within the catchme \ \\
of the loch during the monitoring period. Full sit \| AN
descriptions of Loch Tinker are provided in Patric N N
et al.(1991) and Patrickt al. (1995). \ ST & N
Do S~ol)
Contours in metres .
0 500 metres Flgure 4'6'1
‘ Loch Tinker:
catchment
Table 4.6.1 Table 4.6.2
Loch Tinker: site characteristics Loch Tinker: summary of chemical
Grid reference NN 445068 determinands, June 1988 - March 1998
Lake altitude 420 m Determinand Mean Max Min
Maximum depth 98 m pH 613 656 542
Mean depth 35m Akalinity ~ peqlt 376 960  -2.0
Volume 4.0 x 105 m3 Ca ueq i 850 1270 350
Lake area 11.3 ha Mg ueq i 483 917 333
Catchment area (excl. lake) 112 ha Na ueqt 1426 3217 78.3
Catchment: Lake area ratio 9.9 K ueq 85 179 26
Catchment Geology mica schists and grits so, peq 1 556 1104 375
Catchment Soils blanket peats XSO, ueq 385 992 177
Catchment vegetation moorland - 100% NO, ueq 2.9 143 <14
Net relief 280 m Cl ueq I 1628 4394 704
Mean annual rainfall 2345m Soluble Al pglt 203 450 50
1996 deposition Labile Al gt 33 140 <25
Total S 29 kg hat yr NonJabile Al pgli 184 440 <25
non-marine S 23 kg hal yrt DOC mglt 47 8.1 19
Oxidised N 10 kg hat yrt Conductivity uScm? 314 620 210
Reduced N 13 kg hal yrt
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B Water Chemistry appears to be influenced by relatively rare taxa,

and more specifically, increases Brachysira
brebissonij Cymbella microcephalaNitzschia
gracilis and declines irFragilaria vaucheriae
This moorland site is adjacent to the forestegunotla rhombou_jeandSynedra acusThere is
.. no systematic difference between the pH and
Loch Chon, and shows generally similar

. o . DOC optima of the declining and increasing
temporal variations. However it is considerably
roups and these changes therefore do not

less acid, with a mean pH of 6.13, mean . e .
alkalinity of 38 peq H and lower Al indicate a shift in either variable over the last

concentrations. Mean xS@ also lower, at 39 decade. Species composition is relatively stable

. . . between years, witBrachysira vitreadominant
peq I, whilst Ca concentrations are higher y y

(mean 85 peq M) (see Section 5.5.1). in nearly aI.I samples and persistence also geen in
other relatively abundant taxa, e.@abellaria

Palaeolimnological data indicate that Loc o .
) .g.. . hﬂocculosa Achnanthes minutissimarrustulia
Tinker has acidified at a steady rate since th?~| . .
rhomboidesvar. saxonicaand Cymbella lunata

mid-19th century, but that unlike Loch Chon _. : .
. . ._Given the absence of evidence for any trends in
there has been no substantial pH reduction since

around 1950 (Kreiseret al, 1990). NQ vyate_r chemistry (Wlth. the exception of a small
. : rise in DOC) explanations for the subtle changes
concentrations at Loch Tinker were {uéq H . . .
o . in the rarer species are unclear. The diatom
for much of the monitoring period, but a pulse o . .
. . species assemblage of sediment trap samples
14 peq It was recorded in Spring 1996'taken since 1991 exhibits even greater stabilit
Seasonality is high for both pH and alkalinity, 9 Y

L . L etween years than the epilithon assemblage
and variations in marine ions are large, and_ . .
o igure 4.6.6.), and in contrast to the epilithon
similar to those at Loch Chon.

there is no evidence of trends in the rare taxa

The chemistry of Loch Tinker has shown Iittledescrlbed above.

overall change during the monitoring period. Th :
only significant trend, identified using SKT, is ai Macromvertebrates
rise in DOC of around 1.8 m¢g bver the decade.

(Figure 4.6.2, Tables 4.6.2-3)

(Figure 4.6.4, Table 4.6.4)
m Epilithic diatoms
The macrobenthos is typical of a moderately acid
lake, dominated by chironomids and the
freshwater bivalvéisidiumspp. The most acid
tolerant mayfly family the Leptophlebiidae and

As for the neighbouring site (Loch Chon), RDA _ . . .
. 9 . 9 ( . ) Oligochaetae characterised the first few years of
and associated restricted permutation tests show . . . -
e monitoring period, with numbers declining

Fhat sample year-is S|gn|f|cant at_the 0.01 IeveLu‘ter 1991. The second half of the survey was
in explaining changes in the relative abundanc

of epilithic diatoms at Loch Tinker. The trendgharacterlsed by several caddisfly species, of

(Figure 4.6.3, Table 4.6.4)

Table 4.6.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)

DOC mg I - +0.183*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Figure 4.6.2

Loch Tinker:
summary of major
chemical
determinands
(September 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.6.4

Loch Tinker: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number  MeanN, A RDA/\RDA ) RDA/M\PCA
of squares of Taxa diversity

Epilithic diatoms 318 145 6.9 0.64 0.50
Macrophytes 453 21 140 0.94 0.79
Invertebrates 1011 36 24 0.81 0.73
Variance p

explained (%) within year between years linear trend unrestricted restricted

Epilithic diatoms 53.0 47.0 94 <0.01 <0.01
Macrophytes * * 347 0.05 0.25
Invertebrates 54.8 452 155 <0.01 <0.01

which Mystacidesspp. dominated (this speciesrecruitment failure and the decline in older trout
increased in abundance after 1995) and wasesent.

accompanied by Sericostoma personatum, )

Anabolia nervosaand Limnephilusspp.. Other W AquatIC maCrOphytES

characteristic species include the beetle

Oulimnius tuberculatus, Sialis lutariand the (Tables 4.6.4-5)

Polycentropodids Plectrocnemia spp. and

Polycentropusspp. which both occurred in ajough at considerably higher altitude than
intermittent years. There have been sporadll_coch Chon and less acid. Loch Tinker is

recordings of stoneflies in low numbers andp,acterised by a similar assemblage of aquatic
Corixids were only present in 1990 and 1991n3nts The main floristic differences between
1989. and .1990 were both poor years in termg Utes probably arise from the greater exposure of
species richness and abundance. There 'S tils site to wind and the more peaty nature of the
significant linear trend through time in theWater at this site which results in a more

macroinvertebrate data and given the relativf'estricted depth range for the deeper growing

decline in Leptophlebids could be indicative Ofspecies such aslsoetes lacustris. The

slightly improved conditions. However, there is,iqophilousiuncus bulbosusar. fluitans s far

no.upwar'd trend in species richness with timg,qq ahyndant in Loch Tinker, perhaps reflecting
YVh'Ch m,l,ght be expected to accompany %he more alkaline conditions. In the five year
recovery” response. interpretative report (Patrict al), two species
5 F h were identified as having been lost to the site.
IS Sparganium angustifolium which was not
recorded for three years after 1989 has re-
(Figure 4.6.5) appeared since 1995. However, there has been no
record of the acid sensitive charophiiéella sp.
The outflow stream of Loch Tinker has beersince 1988. Interestingly, and in common with
fished since 1989. Mean trout densities argoch Chon,Subularia aquaticavas recorded at
extremely low and statistical analysis of trends ifhe site for the first time in 1997. There is little
the data are therefore inappropriate. Lengtthformation on the pH tolerance of this
frequency graphs clearly show the years ojligotrophic species and the environmental



Table 4.6.5

Loch Tinker: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

L. Tinker Chapter Four

INDICATOR SPECIES

Nitella flexilist 1 0 0 0 0 0 0 0
Myriophyllum alterniflorum? 3 3 3 3 3 3 3 3
Utricularia sp.2 0 0 1 1 1 1 2 1
Callitriche hamulata3 2 2 2 2 2 2 2 2
Sphagnum auriculatum# 1 1 1 2 2 2 2 2
Juncus bulbosus var. fluitans4 2 2 2 2 2 2 2 2
OTHER SUBMERGED OR FLOATING SPECIES

Batrachospermum sp. 1 1 1 2 2 2 0 2
Filamentous green algae 1 2 3 3 2 2 1 1
Fontinalis antipyretica 0 1 1 1 1 2 1 1
Marsupella emarginata 0 0 0 0 1 0 0 0
Equisetum fluviatile 4 4 4 4 4 4 4 4
Isoetes lacustris 0 1 2 2 2 2 2 2
Littorella uniflora 2 2 3 4 4 4 4 4
Lobelia dortmanna 3 4 4 4 4 4 4 4
Subularia aquatica 0 0 0 0 0 0 2 2
Glyceria fluitans 1 1 2 2 2 2 2 1
Potamogeton natans 3 3 3 3 3 3 3 3
Potamogeton polygonifolius 0 0 1 1 1 1 2 1
Sparganium angustifolium 2 1 0 0 0 1 2 1
EMERGENT SPECIES

Menyanthes trifoliata 1 1 1 1 1 2 1 1
Ranunculus flammula 0 1 2 2 2 2 2 2
Carex rostrata 4 4 4 4 4 4 3 4
Eleocharis palustris 2 2 2 2 2 2 2 2
Juncus acutifloris/articulatus 2 2 2 2 2 2 2 2
Juncus effusus 2 2 2 2 2 2 2 2

TOTAL NUMBER OF SPECIES 18 20 21 21 22 22 22 23

significance of its apparently recentforested catchment, Loch Chon. Apart from
establishment is unclear. There is no othematural variations related to seasonality and
evidence for floristic change at Loch Tinker ovemmarine ion deposition, the chemistry of the Loch

the last decade.

has remained largely constant over the last ten

years. Linear trends have been observed in

B Summary

Loch Tinker is a relatively well buffered site, and ) .
D . . . _has remained at a very low density.
is significantly less acidic than the neighbouring

epilithic diatoms and macroinvertebrates, but
these are not indicative of any amelioration in
acidity, while the trout population of the outflow

m 97
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Figure 4.6.3
Loch Tinker:
epilithic diatom
data (1988 - 1998)
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Figure 4.6.4
Loch Tinker:
summary of
macroinvertebrate
data (1988 - 1998)
Percentage
frequency of taxa in
individual samples
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Figure 4.6.5

Loch Tinker

outflow:

summary of fish

data (1989 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
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(b) Mean condition
factor (with
standard
deviation) of the
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coefficient of
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Loch Tinker:
summary of fish
data (1989 - 1997)
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4.7 Round Loch
of Glenhead

m Site Review

Round Loch of Glenhead, in the Galloway regio
of southwest Scotland, has been central to stud
on acidification since the problem was first inves
tigated in the UK (e.g. Floweet al, 1987;
Harriman et al., 1987; Battarbeect al, 1988).
Although severely acidified, palaeoecologice
work on a sediment core taken in 1989 indicats
that the site had undergone a slight and very rec
improvement in pH (Allotet al. 1992). There has
been no physical disturbance in the Loc
catchment since the onset of monitoring.

Table 4.7.1

Round Loch of Glenhead:
site characteristics

Grid reference NX 450804
Lake altitude 295 m
Maximum depth 135m
Mean depth 428 m
Volume 53 x 105 m3
Lake area 125 ha
Catchment area (excl. lake) 95.1 ha
Catchment: Lake area ratio 75
Catchment Geology tonalite,

tonalite/granite
peat, peaty podsols
moorland - 100%
236 m

2342 mm

Catchment Soils
Catchment vegetation
Net relief

Mean annual rainfall
1996 deposition

Round Loch of Glenhea@hapter Four
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Figure 4.7.1

Round Loch of
Glenhead:
catchment

Table 4.7.2

Round Loch of Glenhead: summary of
chemical determinands,
June 1988 - March 1998

Total S 35 kg ha'lyrl
non-marine S 28 kg hal yrt
Oxidised N 13 kg hal yrl
Reduced N 21 kg hal yrt

Determinand Mean Max Min
pH 490 521 472
Alkalinity peq It -12.2 60 -220
Ca peq 't 33.0 42.0 25.0
Mg peq It 458 66.7 333
Na peq It 1743 2478 1304
K peq I 82 12.8 2.6
S04 peq 't 675 1146 45.8
xSO4 peq It 471 89.8 319
NO3 peq I 71 243 <14
Cl peq It 1952 2986 1211
Soluble Al pg I 951 1460 55.0
Labile Al pg I 602 1110 9.0
Non-labile Al pg I 349 700 16.0
DOC mg |- 3.0 5.0 16
Conductivity —pS cml 36.7 49.0 28.0
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[ Water Chemistry Both regression and SKT identify a rising trend
in NO;. Although this may be partly influenced

by high concentrations during 1996, a more
general increase is evident from Figure 4.7.2e in

. . .. _both winter maxima and summer minima over
Round Loch of Glenhead is chronically acidic, _
. the ten years. DOC and non-labile Al have also
with a mean pH of 4.9 (range 4.7 to 5.2), a. ; . S
. L .~ risen fairly steadily over this time, as at other
negative mean alkalinity, and

concentrations of labile Al. The catchment has ?tes. Significant rising trend§ identified after
. . . Ive years for SQand xSQ (Patricket al.,1995)
low buffering capacity, with a mean lake-water

are no longer observed, and time series (Figures
Ca of only 33ueq 1, and a mean xS@f 47 peq .
I-1. NO; concentrations are low, with a mean of 74'7'20’d) suggest that concentrations peaked

. .around 1992-1994. More recent data suggest that
peq t, although concentrations generally remain

) . sulphate concentrations have now begun to
above detection limits throughout the year. decﬁine 9

(Figure 4.7.2, Tables 4.7.2-3)

Trend analyses suggest that Cl, Na and Mg hav: .
. y _ gg g Seome sampling was undertaken at Round Loch
all declined significantly over the last decade

(Table 4.7.3). However, it is considered Iikely,Of Glenhead prl_or_ to_ the |n|t!at|on .Of the
UKAWMN, and this is discussed in Section 6.
that these apparent trends are the result of natural

variations in marine ion deposition. This is it :

supported by time series (Figure 4.7.2) showing. Epllltth dlatoms

a period of elevated Na and Cl during 1989-1992.

As at Lochs Chon and Tinker, increased maring-igure 4.7.3, Table 4.7.4)

base cations may cause a displacement of non-

marine cations from soil exchange sites throughhe epilithon of the Round Loch of Glenhead is
the sea-salt effect (Section 5.3). This is evident giominated by the acidobiontic species,
Round Loch for both Ca (Figure 4.7.2g), whichTabellaria quadriseptata Eunotia incisa

is higher during the earlier part of the record, anBrachysira brebissonandFrustulia rhomboides
for labile Al (Figure 4.7.2i), which clearly tracks var. saxonica Of these, the former is most
Na and Cl concentrations throughout theébundant in the majority of samples and, given
monitoring period. Observed declining trends foits pH optima of 4.9, provides an indication of

both determinands may therefore also be linkefle severely acid conditions of this site. An
to marine ion variations. increase in the proportion ofNavicula

Table 4.7.3

Significant trends in chemical determinands ( July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Cl peq I -8.99** -9.43*

Na peq I 6.78*** -6.52*

Mg peq I -1.33** -1.19*

Ca peq I -0.75** -0.73*

NOs peq I +0.86*** +0.61*

DOC mg I +0.09* +0.13**

Non-labile Al pg I +1.94** +2.31*

Labile Al pg I - -2.63*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity
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Figure 4.7.2

Round Loch of
Glenhead:
summary of major
chemical
determinands
(September 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.7.4

Round Loch of Glenhead: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number  MeanN, A RDA/NRDA MRDA/M,PCA
of squares of Taxa diversity

Epilithic diatoms 289 87 6.8 0.29 0.27
Macrophytes 39 17 89 0.55 0.53
Invertebrates 486 26 18 0.14 0.14
Variance p
explained (%) within year between years linear trend unrestricted restricted
Epilithic diatoms 532 46.8 6.8 0.02 0.13
Macrophytes * * 229 0.16 0.24
Invertebrates 725 275 29 0.09 0.50

leptostriataduring 1995-1997 is indicative of a g F|Sh

mild amelioration of pH over this period.

However, RDA and associated permutation tegFigure 4.7.5)

shows that “sample year” is not significant at the

0.01 level and there is no temporal pattern in th€he outflow stream of Round Loch of Glenhead

diatom inferred pH derived from weightedhas been electrofished since 1989. Mean
averaging. The epilithon assemblage ipopulation numbers are low. Densities of 0+ trout
floristically very similar to the assemblage ofrose during the first three years but have since
sediment trap samples which have been collecte®clined, with a total recruitment failure in 1993

since 1991 (Figure 4.7.6). These also show riollowed by consistently low numbers. Densities

evidence of any time trend. of >0+ fish show two years of higher population
. density (1994 and 1995); however neither follow
B Macroinvertebrates on from a high recruitment year and most years
show low densities. The length frequency

(Figure 4.7.4, Table 4.7.4) histograms also indicate the poor population

structure present at the site. The mean condition

Round Loch of Glenhead has a relatively specie@Ctor of both age classes has remained stable and

poor fauna characterised by the most aci eir coefficients of variance show no trends.
tolerant mayfly family, the Leptophlebiidae, "ABSCORE HQS values have remained

chironomids and the caddisfligdlectrochemia relatively constant and observed densities are

spp. and Polycentropus spp.. Detritivorous Well below those predicted.

stoneflies of the genu®emoura spp.were .

recorded intermittently. Other common taxa. Aquatlc maCrOphytes

include the water beetlesPotamonectes

depressusand Potamonectes griseostriatud (Tables 4.7.4-5)

several other species of caddisfly. Fluctuations

in faunal abundance have occurred, with 199Zhe relatively impoverished aquatic flora of this
and 1996 being particularly poor years. Thdoch reflects the acidity of the system. The
species composition has remained relativelgubmerged vascular flora is restricted to the acid
persistent and RDA shows that a linear trend wittplerant isoetid specielsoetes lacustridobelia
time is insignificant. dortmanna and Littorella uniflora, and the
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Table 4.7.5

Round Loch of Glenhead: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Sphagnum auriculatum# 1 1 1 1 1 1 1 1
Juncus bulbosus var. fluitans# 4 4 4 4 4 4 4 4
OTHER SUBMERGED OR FLOATING SPECIES

Batrachospermum sp. 1 2 2 1 1 0 1 1
Filamentous green algae 3 3 4 3 5 1 4 2
Mnium hornum 0 1 0 0 0 1 0 0
Racomitrium aquaticum 0 1 0 0 0 0 0 0
Diplophyllum albicans 0 1 0 0 0 0 0 0
Marsupella emarginata 0 0 1 1 1 0 1 1
Nardia compressa 0 1 3 3 3 3 3 3
Scapania undulata 1 1 1 1 0 1 1 1
Isoetes lacustris 3 3 4 4 4 3 4 3
Littorella uniflora 2 2 2 2 1 2 2 2
Lobelia dortmanna 4 4 5 5 5 5 5 5
Glyceria fluitans 1 1 0 0 0 0 0 0
Potamogeton polygonifolius 1 1 0 0 0 0 1
Sparganium angustifolium 1 1 1 1 2 1 2 2
EMERGENT SPECIES

Ranunculus flammula 0 1 2 2 2 2 2 2
Carex rostrata 1 1 1 1 1 1 1 1
Eleocharis palustris 2 2 0 0 0 0 0 1
Juncus acutifloris/articulatus 0 2 2 2 2 2 2 2
TOTAL NUMBER OF SPECIES 13 18 15 14 13 13 14 16

acidophilous rushluncus bulbosusar. fluitans marine ions has taken place during the last ten
which is particularly abundant in some sandyyears, which can be linked to climatically-driven
shallow water locations. Rocks within the littoralfluctuations in deposition inputs, and which may
are covered with liverworts, and chiefly byhave had a significant impact on variations in
Nardia compressa The acidophilous moss acidity related variables such as labile Al. NO
Sphagnum auriculaturis only present in a few concentrations, although low, appear to have
locations. Apart from reductions in the emergentisen over the decade, whilst $@nd xSQ
speciesCarex rostrataand Eleocharis palustris concentrations rose to a peak in the middle part
which appear to have been affected by grazing lof the record and have since declined. No overall
deer, there is no evidence of change in floristitrend has been observed in either pH or alkalinity
composition over the decade and no significardr in any biological group. However, by
time trend according to RDA and associatedhcluding chemical measurements made prior to
permutation test. UKAWMN monitoring, it is clear that large
reductions in xS@have occured over a longer
time scale and there is also evidence for a slight
u Summary improvement in pH. This is consistent with the
palaeoecological evidence which suggested
Round Loch of Glenhead is a severely impactegy | improvements, according to the fossil

site with little ability to neutralise incoming acid gjatom assemblage, in the mid- to late 1980s.
deposition. A pronounced cyclical change in
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Figure 4.7.5

Round Loch of

Glenhead:

summary of fish

data (1989 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)

110m

no.inds.100 m-2

cv (histogram)

cv (histogram)

10

o N B~ O

20

15

10

(a) Density

f:s;dhLLh Hﬂ

]

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
‘ B Density O+ [0 Density >0+ ‘
(b) Condition (0+)
— T 14
0 +1.2
0
i 5 Lo
not T+ 0.8
fished
1 1 1 1 1 1 1 1 1 0.6
1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Condition (>0+)
T30
+20
Q o Q S o ? Ol 110
| [ I N
fished H
1 1 1 = 1 1 1 1 1 1 0.0
1988 1989 1990 1991 1992 1993 1994 1995 1996 1997




o P N W
| |
T 1

Round Loch of Glenhea@hapter Four

Figure 4.7.5

o B N W
| |
1

o B N W
|

o B N W
| | |
T T 1

o B N W
| | |
T T 1

o B N W
| |
1

o B N W
| | |
1

o = N w
| | |
T T 1

o B N W
| | |
T T 1

1989
Round Loch of
Glenhead:
| l 1 summary of fish
‘ data (1989 - 1997)
(c) Trout length
1990 ? frequency
summaries
||IHII| |
1991
I‘III‘III‘ I |
1992
| o
1993
]
1994
| || II‘I
1995
| I‘IIIII I;
1996
1997
‘I |
50 100 150 200 250 300
length (mm)

= 111



Round Loch of Glenhead

Chapter Four

0c

........_ | B - | SR ) WP [y WP [ NI ) WEN ) SER i SIE  SFE () U SR ) SIS SR i S | S S ) SIS ) SIFE i S ) S ) SIFE ) S ) S -
866T L O g [ g-O O 0 g O g d — ¢ 1 0 g 0 I
166T [ —] 1 O g O g = 0 1 O — O
966T /T — 0 0 gg 0 — I g 3 I O 0 I
G66T B ©— 1 | g4d o 0 | — OgcCc— g g g 1 0 0 ¢
7661 e — O« g O i — i 1 . 1 O 0 0 O 0
66T | I — 0 OO0 1 O — I 1 — 1 0 @ O i
2661 B c—= 1 10 g i — g o 3 0 I 1 (O 1 0
166T — 0 O I — [ s N O 1 N | R A 1
| N SR [ U U U U S [ U U U S R U U U U RN RN U IO S
lea
A X0 %( %V O@( «sv O O N N O«W on o éwv RS OO\\v oéxxv RS ooxxv /v»/\v SR &ﬁv PR %A
& B U R I I i S RSty
PR AN AN AN IR R RN S ST I NT N N @@ P W
& ARSI IR NN IR N N S R A N S RN S AR
O NN Y O RO\ SN RN O R MR AN
& F o T P F Y FFP 0@ TR ® FF S
& o N ¥ ¥ BN R R RO RN R A
& ¥ Y P P T R R R P O < VTN (P AR
> AR o o 9 M AP SR\ ¥ & of
J:\V &oo.. RN RN 2 /f Q
O ¢ \) ° oF
N +& QO
nOv QN N
£
o] = ®
O Md No\mwnlw m.n.)
> = Qo >
~ © oS o cLgt S8§
- 5803 S Lo 0 o
Y 85 ICEQ SSeclg e
L - c<Sco0gY e AT
— ea8gE e L EOCSESTQ
S B£eEegfc0 28uw8cg2g
< =0 aF =8 «© 0= 5
D ZOETLE Ec2eg 8 2
I 0232838 2sz2EcsS3s

112m



4.8 Loch Graﬁnoch

m Site Review

Loch Grannoch is a large loch in the Gallowa
region of southwest Scotland. In contrast to tt
neighbouring site, Round Loch of Glenhead,
large proportion of the catchment is unde

managed coniferous forest, part of which i//”

approaching maturity. Despite this, no felling ha

been carried out over the period analysed in tt Y,

report. Floweret al. (1990) observed a floristic
difference between the diatom assemblage of

L. Grannoch Chapter Four
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surface sediment sample, taken in 1988, andtha > ﬁ% gf_-ﬁ"
the upper layers of a sediment core taken two ye S \\\ i ¥
previously. This was attributed to phosphorus ai AN i 3 ifﬁ:
potassium fertiliser application in the catchmen ~"*"™" . i%ggg\
peaking in 1985, which is likely to have raise —_— \\———"‘23‘3’

nutrient levels in the Loch. There was little
indication at the time that this had affected Loc
pH. Paleoecological pH reconstruction, using tt

Table 4.8.1

Loch Grannoch: site characteristics

Grid reference NX 542700
Lake altitude 210 m
Maximum depth 205 m
Mean depth 6.4 m
Volume 7.4 x 106 m3
Lake area 114.3 ha
Catchment area (excl. lake) 1287 ha
Catchment: Lake area ratio 113
Catchment Geology granite

Catchment Soils

Catchment vegetation

Net relief

Mean annual rainfall
1996 deposition
Total S

non-marine S
Oxidised N

Reduced N

peats, peaty podsols,
peaty gleys, skeletal
soils

conifers - 70%
moorland 30%
391m

2286 mm

32 kg hal yri
26 kg hat yrl
12 kg hal yrt
21 kg hal yri

Figure 4.8.1

Loch Grannoch:
catchment

Table 4.8.2

Loch Grannoch: summary of chemical
determinands,
September 1988 - March 1998

Determinand Mean Max Min
pH 461 5.04 427
Alkalinity peq It -27.8 20 -580
Ca peq 't 48.0 62.5 31.0
Mg peq It 542 75.0 25.0
Na peq It 2230 3130 14738
K peq I 6.4 10.3 2.6
S04 peq I 985 1438 66.7
XS04 peq It 717 1142 483
NOs peq It 171 393 29
Cl peq It 2572 4254 1577
Soluble Al pg It 3133 7150 106.0
Labile Al pg 't 2252 5520 38.0
Non-labile Al g I 809 2830 22.0
DOC mg |1 43 12.8 2.7

Conductivity pScml 525 78.0 31.0
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fossil diatom assemblage from a more recerdlkalinity, but LOESS curves (Figures 4.8.2a,b)
sediment core, suggest that the loch hasuggest that both may have declined slightly
progressively acidified, from at least the midsince monitoring began. This would be
nineteenth century (pH 5.2) to pH 4.5 by 198%onsistent with MAGIC modelling work by

(Patricket al, 1995). Jenkinset al (1997a), predicting worsening
] acidification of the Loch despite reduced
m \Water ChemIStry deposition under a scenario of continued
forestry. Alternatively, pH may have been

(Figure 4.8.2, Table 4.8.2-3) temporarily raised around the onset of

monitoring, by the effect of fertiliser run-off
Mean lake-water pH and alkalinity at Lochenhancing within-lake productivity (see epilithic
Grannoch are the second lowest in the Networkliatom Section). Time series also suggest that
pH has only exceeded 5.0, and alkalinityNOs may have risen (Figure 4.8.2e), although
exceeded zero, in one sample (summer of 1998y change is difficult to identify with
Al concentrations are extremely high, and aréonfidence given the degree of seasonality. A
dominated by the labile fraction. Mean xg@t significant increase was observed in DOC using
72 peq H, is significantly above that at the SKT, of around 1.3 mgYover the decade.
nearby Round Loch of Glenhead, appearing to ceay . .
confirm that afforestation has enhanced poIIutar- Ep|||th|C d|at0m3
inputs (see Section 5.5.2). Significant NO
leaching is occurring, with mean concentrationgrigure 4.8.3, Table 4.8.4)
of 17 ueq * and a strong seasonal cycle with

concentrations ranging over an order ofvarked changes in the epilithic flora of Loch
magnitude from 3 to 3feq . Grannoch support the water chemistry evidence

that Loch Grannoch has acidified over the past
Variations in surface water chemistry over thejecade.Tabellaria quadriseptataindicative of
monitoring period have been very similar toseverely acid conditions, has increased
those at Round Loch of Glenhead. Marine i0n§ub5tantia||y in relative abundance, and
showed a pronounced peak in 1989-1991 (e.@articularly since 1994. Prior to 1993,
Figures 4.8.2f,h) producing apparent decliningepresentation ofT. quadriseptatahad never
trends in Cl, Na, Mg and Ca. 3Gnd xSQ exceeded 5% in any sample but by 1998 it
concentrations rose until the mid-1990s but havgomprised over 50% of valves counted in all
since shown a marked decline (Figures 4.8.2¢c,ddamples. This increase has been reciprocally
No significant trends were obtained for pH ofmatched by reductions iAsterionella ralfsij

Table 4.8.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Cl peq 11 -8.90* -8.45*

Na peq 1-1 -5.48** -6.52*

Mg peq 11 - -1.67*

Ca peq 11 -1.45%** -1.65*

DOC mg I +0.21* +0.13**

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(a) pH (b) Alkalinity Figure 48.2
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Table 4.8.4

Loch Grannoch: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number  MeanN, A RDA/\,RDA X RDA/N,PCA
of squares of Taxa diversity

Epilithic diatoms 601 102 4.3 157 0.82
Macrophytes 31 22 12.8 0.83 0.59
Invertebrates 820 44 28 1.02 0.64
Variance p

explained (%) within year between years linear trend unrestricted restricted

Epilithic diatoms 40.1 59.9 26.0 <0.01 <0.01
Macrophytes * * 255 0.05 0.07
Invertebrates 46.6 534 131 <001 <001

Pinnularia subcapitata var. hilseana and g Macroinvertebrates

Tabellaria flocculosa the latter two having
slightly higher pH optima and the former the
same asl. quadriseptata(pH optima 4.9).A.
ralfsii was only observed in the Loch in ) ) )
abundance for the first time in 1988, and beina’he macroinvertebrate fauna is dominated by the
characteristic of peatland disturbance an@dCid tolerant mayfly family, the Leptophlebiidae,
nutrient enrichment (Liehiet al, 1986), its and by the Chironomidae. Other mayflies present

occurence was attributed to phosphorus arf_HCIu_de Slphllonurus lacustrisand A_meletus_
potassium fertiliser application which peakednoplnatuswhmh have both shown an increase in

around 1985. Sediment cores demonstrate thgtl’)qqdance in the _Iast fe\_/\{ year.s. Only two
prior to the expansion of this species, individuals of the acid sensitiigaetisspp. were

quadriseptatawas the dominant diatom, and"€c0rded. in 1993 and 1994. The stonefly

sediment trap samples (Figure 4.8.6) suggest th%qmmunity was most abundant in the first four

the last ten years has seen a gradual return to HP'S of monitoring and mcludgd "’?f:'d tolerant
pre-1988 flora, withT. quadriseptataat similar Nemouraspp. andNemurella pictetii More

abundances now to then. These data therefofecently the stoneflies have been impoverished
provide an alternative explanation for theand were absent in 1998. The first few years were

recently observed pH decline, as this would bglso characterised by a diverse community of

expected following a decline in within-lake_cor'x'ds and water begtles. These have declined
recent years with onlyPotamonectes

productivity, following a decline in lake In

nutrients. For the epilithic diatom assemblagedepressusbemg present throughout the survey.

time as a linear variable is highly significant at(bf the caddisflies,Plectrocnemiaspp. and

the 0.01 level according to RDA and associateE’OchentrOpUSSpp' were both present in most

permutation tests, and can account for 26% gears up to 1995, whi.léyrnusspp. appgared in ]
between-sample variance. This is close to th%994' Several species of case-bearing caddis

maximum variance which can be explained b)?ave been recorded intermittently (e@rypnia

the 1st axis in Principal Components Analysié"f’ma’ Anabolia nervosand Oecetis ochracga

(i.e. 32%) and therefore emphasises the strenggﬂﬂe as a linear trend is significant at the 0.01

of the unidirectional change in the specie evel a(?cordlng to RDA and associated
assemblage with time permutation tests. There appears to have been a

(Figure 4.8.4, Table 4.8.4)
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Table 4.8.5

Loch Grannoch: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Drepanocladus fluitans4 1 1 1 1

Sphagnum auriculatum# 3 3 3 3 4 4 4

Juncus bulbosus var. fluitans# 2 2 2 2 3 2 3 2
OTHER SUBMERGED OR FLOATING LEAF SPECIES

Filamentous green algae 2 3 3 1 1 1 1 2
Amblystegium sp. 0 1 1 0 1 0 1 0
Atrichum sp. 1 0 0 0 0 0 0 0
Brachythecium sp. 1 1 0 0 0 0 0 0
Calliergon sp. 1 1 0 0 1 0 1 0
Hygrohypnum sp. 1 1 2 1 0 1 0 1
Mnium hornum 1 1 1 1 1 0 1 0
Plagiomnium sp. 0 1 0 0 0 0 0 0
Cephalozia connivens 0 0 1 0 0 0 0 0
Marsupella emarginata 0 1 1 1 1 1 1 0
Nardia compressa 4 4 4 4 4 4 4 4
Isoetes lacustris 4 4 4 4 4 4 4 4
Littorella uniflora 3 3 3 3 3 3 3 3
Lobelia dortmanna 2 2 2 2 2 3 3 3
Nymphaea alba 0 1 1 1 1 2 2 1
Glyceria fluitans 0 1 1 0 0 0 0 0
EMERGENT SPECIES

Equisetum fluviatile 2 2 2 2 2 2 2 2
Ranunculus flammula 1 1 1 1 1 1 1 1
Carex rostrata 2 2 2 2 2 2 2 2
Eleocharis palustris 2 2 2 2 2 2 2 2
Juncus acutifloris/articulatus 2 2 2 2 2 2 2 2
Phragmites australis 2 2 2 2 2 2 2 2

TOTAL NUMBER OF SPECIES 19 23 21 18 19 17 19 16

shift in species representation to a faunyg F|Sh

indicative of less acid conditions, although the

concomitant decline observed in species richneggigure 4.8.5)

would normally be associated with worsening

conditions. It is interesting to note that, althouglthe outflow of Loch Grannoch has been
water chemistry LOESS plots suggest an overadlectrofished since 1989, although very few fish
deterioration in pH over the decade, there is afave been captured. The length frequency
upward trend in March pH which appears ttistogram shows that all these fish were old
relate to a decline in climatically driven episodi%pecimens and no recruitment has taken place at
effects. the site since at least 1989.
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B AquatiC macrophytes deterioration in conditions experienced during

the growing season.

(Tables 4.8.4-5)

As for the neighbouring Round Loch of
Glenhead, the submerged aquatic macrophyte
flora of Loch Grannoch is also limited to the
relatively few species tolerant of high levels of
acidity, i.e. Isoetes lacustrid_obelia dortmanna
Littorella uniflora and Juncus bulbosussar.
fluitans. Several emergent species, including
Phragmites australisndEquisetum fluviatilgin
addition to floating-leaved stands Nfymphaea
alba, are also present in restricted locations,
probably benefiting from the shelter offered by a
more complex shoreline. The acidophilous moss
Sphagnum auriculatunforms a substantial
carpet over large areas of the Loch bottom at the
north end, while another moss associated with
particularly acid conditionsDrepanocladus
fluitanshas also been recorded at low abundance,
in most years. There is no significant time trend
in the DAFOR adundance data using RDA and
associated restricted permutation test.

B Summary

Loch Grannoch is severely acidified, with
conditions seemingly worsened by the presence
of forestry. Non-marine sulphate concentrations
are high, and significant nitrogen leaching is
occurring. Time series suggest that, if anything,
pH and alkalinity are continuing to decline at the
site, but trends are partly obscured by both
pronounced seasonal cycles for a number of
determinands, and the impact of large interannual
fluctuations in marine ions. It is also possible that
recent changes represent a gradual return to
conditions prior to fertilizer application to the
catchment in the mid-1980s. The trout population
of the outflow burn has remained particularly
low, while the aquatic macrophyte assemblage
has been stable. Species changes in the other two
biological groups provide conflicting indications
of direction of change in acidity. The
macroinvertebrates may have benefited from a
general improvement in spring acidity resulting
from a reduction in sea-salt deposition and spring
rainfall generated episodes, while the epilithic
diatoms seem to indicate a more general
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Figure 4.85

Loch Grannoch:
summary of fish
data (1989 - 1997)
(a) Trout
population
density for 0+
and >0+ age
classes
(individual
100 m-2)
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Figure 4.8.5

Loch Grannoch:
summary of fish
data (1989 - 1997)
(c) Trout length
frequency
summaries
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4.9 Dargall Lane

m Site Review

The Dargall Lane burn, a tributary of Loch Dee
runs approximately 2 km to the south of Roun
Loch of Glenhead in the Galloway region o
southwest Scotland. The site has been subject
considerable hydrochemical and biologice
investigation since 1980 (e.g. Burasal., 1984;
Cosbyet al.,1986; Harrimaret al.,1997; Langan,
1987; Giusti & Neal, 1993). No catchmen
disturbances have been observed since the onse
monitoring by the UKAWMN in 1988.

m Water Chemistry

(Figure 4.9.2, Tables 4.9.2-3)

Dargall Lane is less acidic than the two Gallowe
lochs, although mean alkalinity is onlyeq I
and frequently becomes negative. Mean x$0
higher than at Round Loch of Glenhead, the oth
moorland site in the region, and Giusti (1999) hi
argued that weathering of shales at Dargall La
may constitute a significant internal $€burce.

Table 4.9.1
Dargall Lane: site characteristics
Grid reference NX 449786
Catchment area 210 ha
Minimum Catchment altitude 225 m
Maximum Catchment altitude 716 m
Catchment Geology greywackes, shales,
mudstones, black shale
Catchment Soils podsols, peaty gleys,
blanket peat
Catchment vegetation moorland - 100%
Mean annual rainfall 2426 mm
1996 deposition
Total S 30 kg halyrl
non-marine S 25 kg halyri
Oxidised N 11 kg halyrt
Reduced N 19 kg halyrl

Contours in metres

Dargall Lane Chapter Four

1 km

Figure 4.9.1

Dargall Lane:
catchment

Table 4.9.2

Dargall Lane: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min
pH 552 6.45 491
Alkalinity peq I 4.0 440 -120
Ca peq It 495 80.5 230
Mg peq It 533 833 250
Na peq 'l 1687 282.6 91.3
K peq I 9.2 179 2.6
SO4 peq It 798 1104 417
xSO4 peq 't 60.2 90.6 317
NOs peq It 10.7 457 <14
Cl peq Il 1862 366.2 95.8
Soluble Al pg 1 493 1430 3.0
Labile Al pg I 326 1330 <25
Non-labile Al pg I 17.0 65.0 <25
DOC mg |- 17 59 0.3

Conductivity —pS cml 353 59.0 210
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Higher Ca concentrations (mean H@qg 1) rising trends, DOC having increased by 1 rag |
compared to Round Loch suggest that bas#uring the last ten years. Dargall Lane has been
cation weathering may also be higher. NOmonitored at high resolution since 1983. These
concentrations show a strong seasonal cycldata therefore present a longer term perspective
exceeding 4Queq I during some winters but of water chemistry trends and are presented in
falling below detection limits for at least threeChapter 6.

months during every summer of the record

(Figure 4.9.2¢). m Epilithic diatoms

Although this stream exhibits a wider range OEFigure 4.9.3, Table 4.9.4)
chemical variation than the two loch sites, ’

changes in marine ions over time have beefaga Lane has undergone considerable
similar, with a peak in 1990. Again, this has led,ajation in epilithic diatom species relative
to the detection of declining trends for CI, Nagp nqances during the past decaBeronia

Mg, and Ca (Table 4.9.3). There is sOM&p ;5 (oH optima 5.3) has been consistently
evidence for reduced acidity at the site, W'tl'hbundant, but there has been an apparent shift
increasing alkalinity and declining labile Al from Eunotia species with relatively low pH
identified by both SKT and regression, and,nima (e.gE. naegelii(5.0); E. incisa(5.1))in
declining SQ by regression. HOwever No,o early 1990s to an abundanceTabellaria
accompanying trend is obtained for x5@nd flocculosa(pH optima 5.4) between 1992-1997.

time series plots (Figures 4.9.2,c,d) suggestese changes are consistent with LOESS plots
concentrations peaked in the mid-1990s foIIowegor pH and alkalinity at this site which indicate

by a decrease, as at the other Galloway sites. TR, 5 rant amelioration in water chemistry over
more acidic conditions in the early part of thethe same periodEunotia species increased in
record may be thus in part due to the ‘sea-salfy, \nqance again in 1998, indicating that the
d|spllacement of ?0" acid c.atlons by eleV‘"‘te%bserved changes are perhaps more cyclical and
marine base cations (Section 5.3) and by é‘limatically driven, rather than linear “recovery”

changing flow regime (flow recorded at the timeqqp5nses. “sample year is not significant at the
of sampling was generally highest around 1990})'01 level according to RDA analysis and
DOC and non-labile Al both show significant ;o ciated permutation test.

Table 4.9.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Alkalinity peq I +0.92* +0.85*

SO, peq I -0.75* -

Cl peq I -6.59*** -5.63*

Na peq I 4 43%** -4.35*

Mg peq I -1.33%** -1.39*%

Ca peq I -0.95** -1.17*

DOC mg |1 +0.11%** +0.10**

Non-labile Al ug I - +0.86*

Labile Al pg I -2.15* -1.33*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity Figure 4.9.2
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Table 494

Dargall Lane: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number  MeanN, A RDA/MNRDA M RDA/M,PCA
of squares of Taxa diversity

Epilithic diatoms 155 79 44 0.24 021

Macrophytes 255 6 19 0.12 0.12

Invertebrates 395 24 438 0.19 0.18

Variance p

explained (%) within year between years linear trend unrestricted restricted

Epilithic diatoms 418 58.2 6.6 0.04 022

Macrophytes * * 8.0 0.55 0.78

Invertebrates 45.6 544 6.0 0.02 043

B MacrOinvertebrateS for UKAWMN sites. Mean population density of
both 0+ and >0+ fish has varied widely between

(Figure 4.9.4, Table 4.9.4) years and no temporal trends are apparent. The

condition factor of the 0+ fish underwent a steady
The fauna of Dargall Lane is characterised bylecline between 1989 and 1995, but the past two
acid tolerant species. Detritivorous stoneflieyears have seen an increase back to 1989 levels.
dominate with Amphinemura sulcicollis There are no significant linear trends in the mean
occurring in the highest densities. Othercondition factor or coefficient of variation of the
stoneflies includeLeuctra inermis Leuctra condition factor for either age group.
hippopusand the predatorisoperla grammatica )
and Siphonoperla torrentiumThe acid tolerant W Aquath macrophytes
Plectrocnemiaspp. was recorded throughout the
study. Over the monitoring period there has beefraples 4.9.4-5)
an increase in species richness with a few species
not tolerant of acid conditions such@syethira The aquatic macroflora of the Dargall Lane
spp. andHydropsyche siltalaappearing in the consists almost exclusively of bryophytes, and in
last 5 years. This shift in species compositioarticular the acid tolerant liverwort species,
may therefore indicate a decrease in aciditgcapania undulataand Nardia compressaA
(however see Section 7.4.2). RDA shows no sighird species,Marsupella emarginatais also
nificant linear trend between years. recorded consistently. Estimates of the cover of

i individual species appear to have been affected

m Fish . _

by the sporadic occurence of filamentous green

algae which has a strong influence on the overall
(Figure 4.9.5) cover estimates of each survey section. There is

o ) . no evidence of a linear time trend in species
Although this site has been electrofished SINCEyver according to RDA and associated

1988,.We|gh|ng of fish only cgmrngnced 'n,thepermutation test.
following year. Total trout density is intermediate



Table 4.9.5

Dargall Lane: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Dargall Lane Chapter Four

Abundance Taxon Year 88 89 90 91 92 93 95 9% 97
INDICATOR SPECIES

Nardia compressa4 0.3 90 314 346 259 233 268 240 59
OTHER SUBMERGED OR FLOATING SPECIES

Filamentous green algae 109 254 9.8 55 06 0.6 9.3 08 465
Marsupella emarginata 00 <01 00 03 23 0.1 11 06 00
Pellia sp. 0.0 00 <01 00 00 00 00 00 0O
Scapania undulata 154 156 79 67 59 41 148 83 21
Juncus bulbosus var. fluitans <0.1 00 00 00 00 0.0 0.0 00 00
total macrophyte cover

excluding filamentous algae 157 246 393 416 341 275 427 329 80
TOTAL NUMBER OF SPECIES 4 4 4 4 4 4 4 4 3

B Summary

Dargall Lane is less acidic than the nearby loch
sites, due to a higher supply of base cations
within the catchment, but it frequently becomes
acidic during higher flows. An apparent increase
in alkalinity over the monitoring period is not
accompanied by clear changes in 330 NO,.
This may therefore, as at other sites, represent a
response to a decline in marine ion inputs and
rainfall which were high during the early part of
the record. Changes in the epilithic diatom and
macroinvertebrate communities are consistent
with a general reduction in acidity in recent years
although neither are significant as linear trends.
DOC and non-labile Al concentrations have both
risen significantly since 1988.
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Figure 4.9.3
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F|gure 495 (a) Density

Dargall Lane:
summary of fish 20 +
data (1988 - 1997)
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4.10 Scoat Tarn

m Site Review

Scoat Tarn is one of the highest of the Tarns in t
English Lake District. Diatom-based pH
reconstruction, using a sediment core taken

1989, suggests that the site has acidified frc
around pH 5.9 in the early nineteenth century,

pH 4.7 in the 1980s (Patriakt al. 1995). There is

no evidence of any physical disturbance or chanc
in grazing regime in the catchment over the pe
decade. Since the recent addition of an atmosphe
deposition collector within the catchment, sample
are also being analysed by the UK Acid Depositic
Network. This should enhance understanding

the relationship between deposition and surfa
water chemistry at the site over the coming year.

m Water Chemistry
(Figure 4.10.2, Tables 4.10.2-3)

With a mean pH of 4.99 and a mean alkalinity ¢
8 peq H, Scoat Tarn is the fifth most acidic site it

Table 4.10.1

Scoat Tarn: site characteristics

Grid reference NY 159104
Lake altitude 602 m
Maximum Depth 20m
Mean Depth 10m
Volume 42 x 105 m3
Lake Area 5.2 ha
Catchment area (excl. lake) 95 ha
Catchment: Lake area ratio 182
Catchment Geology Borrowdale volcanics
Catchment Soils shallow peaty rankers
Catchment vegetation moorland - 100%
Net Relief 239 m
Mean annual rainfall

1996 deposition 3482 mm
Total S 31 kg halyrl
non-marine S 26 kg halyri
Oxidised N 12 kg halyrl
Reduced N 23 kg hatyrl

Scoat TarnChapter Four

800 \

Contours in metres

0 500 metres

Figure 4.10.1

Scoat Tarn:
catchment

Table 4.10.2

Scoat Tarn: summary of chemical
determinands, June 1988 - March 1998

Determinand Mean Max Min
pH 499 523 457
Alkalinity peq I -84 60 -260
Ca peqlt 325 48.0 23.0
Mg peq It 483 75.0 333
Na peq 't 1639 2652 126.1
K peq I 7.9 154 2.6
SO, peq It 60.8 729 354
XSO, peq It 415 54.2 16.5
NO, peq it 214 47.9 5.7
Cl peq It 1856 3268 1183
Soluble Al pg 1 1214 300.0 122
Labile Al Mg i1 1089 293.8 25
Non-labile Al pg I 126 76.0 30
DOC mg |1 09 27 <01

Conductivity pScml 351 49.0 24,0
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the UKAWMN. Alkalinity has only been positive marine cation inputs are likely to have caused
during one period in 1995, and Al concentrationslisplacement of Hand Al from the soil during
are high and dominated by the labile fractionthe early part of the record, while higher
Although xSQ concentrations are slightly lower winter/spring rainfall probably reduced the
than at the Galloway sites (mean 4juéq 1), proportion of the flow contribution from
NOj; concentrations are higher, with a mean ofroundwater, it is possible that these trends are
21.4peq H. The mean NG(NO; + xSQ) ratio  the result of climatic variation. This hypothesis is
of 0.34 demonstrates that NOs a major supported by the lack of clear trends for %SO
contributor to acidity at this site. In five of the tenwhich appears to show the same mid-1990s peak
years of data, N@concentrations exceeded thoses at the Galloway sites, or for i@vhich shows
of XSO, on an equivalent basis in spring,no clear pattern other than a strong seasonal
implying that NQ is the main acidifying anion at cycle. DOC, as at other sites, exhibits a highly
a time when pH and alkalinity tend to be lowestsignificant rising trend, with an estimated
Ca concentrations are low (mean 3Réxq 1), increase of 1 mgy from a 1988-1989 mean
indicating that the thin soils of this high elevationconcentration of only 0.5 mg!l Although the
catchment have little capacity to buffer acidrate of increase is similar to many other sites, the
inputs. proportional increase is relatively large and
might be expected to have an observable effect
Time series for Scoat Tarn (Figure 4.10.2) shown water transparency. However, secchi disc
striking similarities to those observed inmeasurements taken each summer provide no
Galloway; concentrations of Cl and Na rise to &vidence of any decrease in light attenuation in
pronounced peak in 1990-1991 before falling tohe visible spectrum at this time of year.
much lower levels in the later part of the record.
This suggests strongly that the two regions, botjy Epllltth diatoms
of which border the Irish Sea, have experienced
the same variability in marine ion deposition .
over the last decade. Again this appears to ha\gglgure 4.10.3, Table 4.10.4)

influenced non-marine ions, with Ca showing the . . . .
. o .. Scoat Tarn is dominated Hyunotiataxa which
same cyclical variation over the monitoring

tend to have low pH optima, and particularly

period. As a result of these changes, declining, ) H o 51) As at | oth
trends are observed for both Na and Ca using' = >0 (pH optima 5.1). As at several other

. . ) . g%tes,E. incisawas particularly abundant in 1989

regression analysis. An increase in pH an .

. ; . only 1 sample collected), 1990, and in 1998.
decrease in labile Al are observed using both™ 7 = 7 . .

. . Uni-directional trends in species abundance have

trend detection methods, which would seem to ) .
o . : . Hnly occurred with a few relatively rare taxa. For
indicate recovery at the site. However since hig

Table 4.10.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH +0.021** +0.013*

Na peq I -3.83*

Ca peq I -0.85* -

DOC mg I +0.12%** +0.10***

Labile Al pg I -6.89* -1.67*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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summary of major
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determinands
(July 1989 -
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Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.10.4

Scoat Tarn: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number  MeanN, A RDA/MRDA M RDA/MNPCA
of squares of Taxa diversity

Epilithic diatoms 360 149 7.0 051 047
Macrophytes 38 24 136 0.66 051
Invertebrates 1185 31 12 0.69 0.61
Variance p

explained (%) within year between years linear trend  unrestricted restricted
Epilithic diatoms 50.1 499 9.2 <0.01 0.02
Macrophytes * * 199 0.17 0.33
Invertebrates 65.5 345 120 <0.01 <0.01

exampleE. monodorand E. bigibbawere only hippopusand Leuctra nigrg were recorded in
recorded until 1991, whil&. vanheurckiiand low numbers in intermittent years. One mayfly
Aulacoseira distanwyar. nivalis have increased individual, Ephemerella ignitavas recorded in
slightly in more recent years. These apparentl¥997. There is a significant linear time trend, but
temporal changes are slight compared to thehanges are largely within the acid tolerant
overall variability between samples and “sampl@olycentropodid group and are not indicative of a
year” is not significant according to RDA andchange in acidity.

associated restricted permutation test. The _,

diatom species assemblage of sediment trap safl- F|Sh

ples collected since 1991 also show no obvious

time trend (Figure 4.10.6). The species balance frigure 4.10.5)

these samples differs from the epilithon, with
Tabellaria binalis the dominant taxon and 1he outflow stream from Scoat Tarn has been

E.incisarelatively rare. electrofished since 1989. Population densities are
very low and no 0+ trout have been caught.
] Macromvertebrates Densities of >0+ fish, whilst fluctuating,

increased slightly between 1989-1994. Since
then there have been three successive years of
decline and densities in 1997 were the lowest

recorded. Neither the mean condition factor nor

The faung, typical of a.n acid I'ake, 'S spe.C|es po%e coefficient of variation of the condition factor
and dominated by chironomids. The first four hows any pattern over the years. The length

years were characterised by a diversity o? . . .
o i requency histograms illustrate the atypical

dytiscid beetles such aégabus arcticus A. . o

; . nature of the population present at this site.

bipustulatusandHydroporus lacustrisHowever,

In more recent years these species have be.jleHe trout population of the sampling stretch does

absent. Other common taxa include the acid
. ., not therefore demonstrate any response to the
tolerant caddisfly group, the polycentropodids,

. . . significant decline in the concentration of soluble
Plectrocnemiaspp. was the dominant caddisfly, ;. . .
. . . labile Al over the nine years. However, given the
in the first eight years of the survey.

) . low concentration of DOC, Al levels are still in
Polycentropusspp. was first observed in 1995, . . .
. . .’excess of those considered to be physiologically
and Cyrnus spp. in 1996. Detritivorous acid

. detrimental.
tolerant stoneflies Nemoura spp., Leuctra

(Figure 4.10.4, Table 4.10.4)
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Table 4.10.5

Scoat Tarn: relative abundance of aquatic macrophyte flora (1988 - 1997)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Sphagnum auriculatum4 3 3 3 3 3 3 3 3
Juncus bulbosus var. fluitans4 3 2 2 2 2 2 2 2
OTHER SUBMERGED OR FLOATING SPECIES

Filamentous green algae 2 2

Amblystegium sp.
Brachythecium sp.
Campylopus sp.
Dicranella sp.
Hygrohypnum eugyrium
Hyocomium armoricum
Pohlia sp.

Polytrichum sp.
Racomitrium aquaticum
Rhytidiadelphus squarrosus
Sphagnhum auriculatum
Cephalozia bicuspidata
Diplophyllum albicans
Marsupella emarginata
Nardia compressa
Plectocolea obovata
Scapania undulata
Isoetes echinospora
Isoetes lacustris
Littorella uniflora
Lobelia dortmanna
Sparganium angustifolium

PN WRARPONNRORPRWRNRORLROROO R
PN WARPRPNMNNNREROWOWRNRRRORRR R
P NWARPRPNRANOWWRRERROROROOON
P P WRARPRERPNMP,P OWWORRPRORERELOOONN
P P WRARPRPRPDAMNOWWOROOR, OOOOON
P P WNOONDMOOWWRRERORORORIEREN
P P WANORRPIAMNOWWOROOR,R OOOOO LR
P P WARPORPRWROWWREREROROROOLERLPR

TOTAL NUMBER OF SPECIES 18

N
w
[y
(o]
=
0]
[y
a1
[y
\l
=
IS
=
0]

B AquatiC maCrOphytes In comparison to the more peat-stained waters of

sites, such as Loch Tinker, these plants are able to
survive at greater depths, and the deepest
growing specied, lacustris,is found to a depth
The aquatic macrophyte flora of Scoat Tarn ié)f4.2 m. Perhaps surpnsmgly, degplte a doubling

o . in DOC over the decade, which might have led to
very similar to that of the other more acid Iakesa reduction in transparency, there is no evidence
in the UKAWMN. The isoetiddsoetes lacustris . P Y. o .

. : . of any reduction in the depth limit &flacustris
Lobelia dortmannaand Littorella uniflora and

. . with time. The acid tolerantSparganium

the acidophilous rushluncus bulbosusrar. L . . .
: ._angustifolium which has floating leaves, is
fluitansare the only submerged vascular species. _ .
present in the bay of one inflow stream. Scoat

(Tables 4.10.4-5)
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Tarn also supports a diverse aquatic bryophyte
flora, amongst which the acidophilous species
Sphagnum auriculaturis dominant. Again, due

to the high transparency, bryophytes are able to
grow at considerable depths (i.e. >10 m).

“Sample year” is insignificant as a linear trend

according to RDA and associated permutation
test.

B Summary

Scoat Tarn is chronically acidic, with alkalinity
below zero in 95% of samples. N@& a more
important contributor to acidity here than at any
other UKAWMN site, with concentrations
frequently exceeding those of xgQ@luring
spring. Marine ions exhibit major inter-annual
variations, which appear to have a significant
impact on lake acidity, whilst DOC and non-
labile Al have both increased. Apparent chemical
improvements are likely to be climatically driven
and do not appear to have had a significant
influence on the biology of the Tarn.
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Figure 4.10.3

Scoat Tarn:
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Figure 4.10.5

Scoat Tarn:
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4.11 Burnmoor Tarn

m Site Review

In contrast to the neighbouring and highly acidi
Scoat Tarn, Burnmoor Tarn benefits from a mol
weatherable catchment geology and is relative
alkaline. Diatom based pH reconstruction of ¢
sediment core indicates that the site becar
slightly more acid around the turn of the 20t
century (Patriclet al., 1995). Recently however it
was observed that at particularly high flows, th
more acid Hardrigg Beck can spill over into th
outflow end of the Tarn and this may occasional
have an large impact on the chemistry of the Ta
outflow and possibly on the main basin. Catchme
vegetation is subject to more intensive grazing th
at most other sites and cattle are likely to provic
localised nutrient enrichment and physice
disturbance of the littoral zone. There is n
indication of any major change in the grazin
regime or other catchment disturbance since t
onset of monitoring in 1988.

Table 4.11.1

Burnmoor Tarn: site characteristics

Grid reference NY 184044
Lake altitude 252 m
Maximum Depth 13 m
Mean Depth 51m
Volume 8.9 x 105 m3
Lake Area 24 ha
Catchment area (excl. lake) 226 ha
Catchment: Lake area ratio 94
Catchment Geology andesite lava and

granite
Catchment Soils podsols, shallow peat,

rankers
Catchment vegetation moorland - 100%
Net Relief 350 m
Mean annual rainfall 2210 mm

1996 deposition

Total S 25 kg hat yrt
non-marine S 21 kg hal yri
Oxidised N 9 kg hal yrl
Reduced N 19 kg hal yrt
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Figure 4.11.1

Burnmoor Tarn:
catchment

Table 4.11.2

Burnmoor Tarn: summary of chemical
determinands, June 1988 - March 1998

Determinand Mean Max Min
pH 6.48 6.99 438
Alkalinity peqll 478 96.0 -44.0
Ca peqll 895 1185 32.0
Mg peq It 65.0 83.3 333
Na peq 'l 1922 2435 126.1
K peq I 85 154 2.6
SO, peq I 815 1188 56.3
XSO, peq 't 594 1023 38.3
NO; peq I 5.0 129 <14
Cl peq Il 2099 2873 1296
Soluble Al pg I 8.1 42.0 <25
Labile Al pg I 3.0 140 <25
Non-labile Al pg I 6.9 35.0 <25

DOC mg |- 20 47 0.9
Conductivity pScml 416 54.0 230
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m \Water Chemistry winter of 1991-1992, and, given the quarterly
sampling frequency, it is possible that other
(Figure 4.11.2, Tables 4.11.2-3) episodes occurred but were not recorded.

Burnmoor Tarn is a well-buffered site, with theTO some extent, the 1993 episode masks other
second highest mean pH and alkalinity in thérends at this site. However, the cyclical
Network. Al concentrations are generally low,variations in marine ions clearly match those at
with labile Al commonly below detection limits, Scoat Tarn and the Galloway sites, with a peak in
and Ca concentrations are high with a mean of 96991 (Figure 4.11.2). Declining trends are
Heq H. NO, concentrations are low (meanuq consequently observed for Cl, Na, Mg and Ca
I-2), although they exhibit strong seasonality. ~ (Table 4.11.3).

Time series for Burnmoor Tarn (Figure 4.11.2jNO clear trends are observed for pH, alkalinity,
are dominated by a very severe episode in 1at&0; 0r NO;, but significant increases are again
1993, when pH dropped from an anteceden@lentified for DOC (1.8 mg-1 over ten years)
value of 6.75 to 4.38, and alkalinity from 67 to -and non-labile Al.

44 peq . Strong concurrent increases were e .

observed in xS@and labile Al, as well as a W Epllltth diatoms

decrease in Ca. It is thought that this extreme

episode may be the due to the unusual hydrologgigure 4.11.3, Table 4.11.4)

of the site, with Hardrigg Beck partially diverting

into the outflow end of the tarn at high flows.g,rnmoor Tarn is dominated by species typical
Whereas the catchment of Burnmoor Tam igf mildly acid lakes. The more dominant taxa,
predominantly low-lying, with thick soils and till Achnanthes minutissimand Brachysira vitrea
deposits, Hardrigg Beck drains the steep, higiyary considerably in relative abundance
elevation slopes of Scafell. It is therefore likelyihroughout the last decade. Abundance of the
to have chemical characteristics closer to that @kiter species (pH optima 5.9) was reduced from
Scoat Tarn, and water from this source enteringggg-1991 while that offabellaria flocculosa
the lake during episodes could cause the maj%H optima 5.4) was elevated. The planktonic
changes observed. It is uncertain whether SU%ecies,CycIoteIla kuetzingianaar. minor was
episodes are a regular feature of the site, althougB|atively abundant in the early years of
a second, less severe episode was recorded in fignitoring, declined to low levels by 1994 and

Table 4.11.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Cl peq I 6.17** -

Na peq I -5,13*** -4.96*

Mg peq I -1.48*** -1.42*

Ca peq I -2.15*% -

DOC mg I +0.11%** +0.18**

Non-labile Al pg I - +0.25*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Table 4.11.4

Burnmoor Tarn: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number  MeanN, ) RDA/\,RDA ) RDA/\PCA

of squares of Taxa diversity
Epilithic diatoms 300 142 6.5 0.73 0.63
Macrophytes 20 15 9.1 0.38 0.38
Invertebrates 895 39 31 0.67 0.50
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 43.0 57.0 106 <0.01 <0.01
Macrophytes * * 142 0.46 0.39
Invertebrates 60.7 39.3 116 <0.01 <0.01

has since increased again. Several rare taxa halundance and became the dominant taxon.
increased in relative abundance since about 1993ther acid tolerant species, including
including Denticula  tenuis Navicula Polycentropodid caddisflieBlectrocnemia spp.
subtilissima Cymbella cesatiandSynedra acus. Polycentropus spp. andCyrnus spp.have all
These changes appear to account for theccurred sporadically in low numbers. Other
significant linear trend according to RDA andcharacteristic species include the acid tolerant
associated permutation test. Diatom inferred pHreshwater bivalvéisidiumspp., the moderately
derived from weighted averaging, is indicative ofcid tolerant leectErpobdella octoculataand

a general improvement in conditions since 199the acid sensitive crustaceaGammarus
(see Section 7.2.1) and this is evident in thicustris which was recorded in highest densities
spring/summer water chemistry. However, givetn 1996. The mayflyCaenis horariawhich first

the well buffered nature of this site it seems mosiccurred in 1996, had its greatest abundance
likely that the changes reflect climatic variationsmost recently in 1998. Time as a linear trend is
particularly as they affect the rainfall regime asignificant at the 0.01 level according to RDA
this time of year. The diatom assemblagand associated permutation test. The trend
collected by sediment trap contains a largeappears to be largely influenced by the
proportion ofC. kuetzingianavar. minor and its appearance and disappearance of several species
representation increased steadily since traps weoé water beetle and an increase in abundance of
first emptied in 1992 until 1997, before fallingLeptophlebiidae in recent years. These changes
back slightly in 1998. are not indicative of a change in water chemistry.

m Macroinvertebrates m Fish

(Figure 4.11.4,Table 4.11.4) (Figure 4.11.5)

Burnmoor Tarn is characterised by a typically € outflow of Burnmoor Tarn has been

oligotrophic, slightly acid fauna. The first three€lectrofished since 1989-_ _Populat|on qlensny IS
years of the monitoring period were dominated®W and although densities of 0+ fish rose

by chironomids and oligochaetes. From 1991between 1989 and 1991 they crashed in 1992,

acid tolerant Leptophlebid mayflies increased ii§ince when there has only been one successful
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Table 4115

Burnmoor Tarn: relative abundance of aquatic macrophyte flora (1988 - 1997)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Nitella flexilis? 3 3 4 3 3 3 3 3
Myriophyllum alterniflorum2 2 2 2 2 2 2 2 2
Utricularia sp.2 1 0 2 2 0 0 2 1
Drepanocladus fluitans# 0 0 1 0 0 0 0 0
Sphagnum auriculatum4 1 0 0 1 0 1 0 0
Juncus bulbosus var. fluitans4 3 3 3 3 3 3 3 3
OTHER SUBMERGED OR FLOATING SPECIES

Filamentous green algae 2 2 3 3 4 3 2 2
Fontinalis sp. 1 1 1 1 1 1 1 0
Rhytidiadelphus squarrosus 0 0 0 1 0 0 0 1
Isoetes lacustris 3 3 3 3 3 3 3 3
Elatine hexandra 0 0 0 0 0 0 1 0
Littorella uniflora 2 2 2 2 2 2 2 2
Lobelia dortmanna 5 5 5 5 4 4 4 4
Ranunculus flammula 1 1 2 2 2 2 2 1
Juncus effusus 1 1 1 1 1 1 1 1
Juncus acutifloris/articulatus 2 2 2 2 2 2 2 2
Potamogeton polygonifolius 1 1 1 1 1 1 2 1
Scirpus fluitans 1 1 1 1 1 1 1 1
TOTAL NUMBER OF SPECIES 15 13 15 16 13 14 15 14

recruitment (1995). Population densities of >04occasional extreme spates of acidity and high Al
fish declined between 1989 and 1992 and onlievels despite the generally well buffered
two fish were caught in each of the followingchemistry of the lake.

three years. However, since then they have .

shown some recovery. The length frequencill AquatIC macrophytes

graphs show the abnormal structure of the

population at this site. Neither the mear’(Tables 4.11.4-5)

condition factor nor its coefficient of variation,

for either age class, shows any temporal trend,n\moor Tarn contains a relatively diverse
over the years, although there has been a genegghmerged aquatic macrophyte flora which is
decline in the condition factor of 0+ fish sincey ;4 for a well buffered oligotrophic lake. The
1991 with a possible improvement in the last tWaiig tolerant isoetid specidsoetes lacustris
years. It is interesting to note that the years QIittoreIIa unifloraandLobelia dortmannare all
recruitment failure generally coincide with the. o\ mon at the site, while more sensitive species
years with highest soluble labile Al concentrag,ch as the charophyteNitella  flexilis,
tions. It is possible that, for the hydrological yyicyjaria sp., andviyriophyllum alterniflorum
reasons given in the chemistry section, trouf . present at lower abundances. A single
populations in the outflow are sensitive tospecimen of the six-stamened waterwEitine
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hexandrawas recovered in a grab sample in
1995. RDA and associated permutation test
shows time to be insignificant as a linear variable
at the 0.01 level.

B Summary

Although not normally acidic, the outflow and
possibly the main basin of Burnmoor Tarn
experience infrequent, but extremely severe
acidic episodes. These are thought to result from
the overflow of water from the adjacent Hardrigg
Beck, which drains a more acid-sensitive
catchment, into the tarn during high flows. Few
trends are observed at the site, although DOC and
non-labile Al appear to have risen since 1988. As
at Scoat Tarn and the Galloway sites, cyclical
variations in marine ions have occurred during
this time. Changes in epilithic diatoms and fish
populations may relate to the occasional acid
episodes, but the linear trend in
macroinvertebrates is more difficult to explain.
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(a) Density FIgUI’e 4115

Burnmoor Tarn:

summary of fish
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FIgUI’e 4115 2 T 1989
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Figure 4.11.6
Burnmmor Tarn:
summary of
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4.12 River Etherow

m Site Review

The River Etherow flows into the Woodhead
reservoir to the east of Manchester in the southe
Pennines. This severely deposition impacted s
has been subject to considerable hydro-chemi
and hydro-biological research (e.g. Say al,
1981; Hardinget al, 1981; Evans & Jenkins, 2000}
and detailed studies of catchment nitroge
dynamics are currently ongoing (Curtis, per:
comm.). It is likely that the water chemistry it
occasionally influenced by road-salt, blown c
washed in from the nearby A628 trunk road.

m Water Chemistry

(Figure 4.12.2, Tables 4.12.2-3)

The South Pennines region, which is close to ma ./
industrial centres such as Manchester, recein””

some of the highest S and N deposition in the L

Table 4.12.1
River Etherow: site characteristics
Grid reference SK 116996
Catchment area 1300 ha
Minimum catchment altitude 280 m
Maximum catchment altitude 633 m
Catchment Geology millstone grit
Catchment Soils peaty podsols, blanket
peat
Catchment vegetation moorland - 100%
Mean annual rainfall 1572 mm

1996 deposition
Total S 39 kg halyrl

non-marine S 38 kg hat yrt
Oxidised N 14 kg hal yrl
Reduced N 25 kg hat yrt

River EtherowChapter Four

I Contours in metres

Figure 4.12.1

River Etherow:

catchment
Table 4.12.2

River Etherow: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min
pH 548 722 3.79
Alkalinity peq I 72 2310 -1650
Ca peq it 1720 350.0 40.0
Mg peq 't 1658 2917 25.0
Na peq It 3022 6478 1000
K peq it 19.0 64.6 2.6
SO4 peq It 2723 4083 85.4
xSO4 peq It 2396 3729 735
NO3 peq -l 486 90.7 7.1
Cl peq It 3101 7042 1127
Soluble Al pg It 1437 580.0 <25
Labile Al pg 11 663 3940 <25
Non-labile Al pg I 778 2380 <25
DOC mg |- 528 34.00 0.30

Conductivity pScml 850 161.0 330
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(RGAR, 1997). This is reflected in surface watehas been approximately 60-§Gq I since
chemistry with mean concentrations of %SO 1988, a decrease of around 25-30% on the first
(240 peq 1) and NQ (49 peq ) the highest in  year mean. Time series and LOESS curves
the network. NQ@ concentrations are high (Figures 4.12.2c,d) show that decreases occurred
throughout the vyear, with little seasonalfairly steadily over the monitoring period. Due to
variation, indicative of Stage 3 (i.e. complete) Nanalytical problems prior to a laboratory change
saturation (Stoddard, 1994). Neverthelessn April 1991 (Section 3), the early part of the
because xSplevels are so high, the mean ratiocalkalinity record is missing, and no clear trends
of NOy/(NO;+xSQy) is only 0.17, implying that are observed in the remaining data. The pH
NO; is proportionally a less importantrecord, although complete, also shows no trend.
contributor to acidity than at Scoat Tarn. This may be due to the masking effect of extreme
short-term variability (Figure 4.12.2a); clear ris-
The mean Ca concentration of 172q ! ing trends in pH have been observed at a number
indicates that this site is relatively well bufferedof reservoir sites in the south Pennine region
and mean alkalinity (fieq 1) and pH (5.5) are (Evans & Jenkins, 2000), but it is also possible
therefore higher than might be expected givethat changes in other ions are offsetting the
the high acid anion concentrations. However, theeduction in xSQ Declining trends in both Ca
river is highly episodic, and much of the basend Mg, identified using regression, suggest that
cation buffering capacity is lost due to dilution atwith reduced acid inputs, the leaching of base
high flows. As a result, alkalinity and pH minimacations from soil exchange sites has also
(-165 peqg 1 and 3.79 respectively) are decreased. This base cation response to reduced
substantially lower than at any other site in thacid deposition corresponds to that predicted by
Network (lowest values recorded elsewhere -8Reusset al. (1987). In addition, there is a
peg 1 and 4.1). Labile Al concentrations aresignificant upward trend in NQwhich has risen
high, peaking at almost 4Q@ I'1, with the non- by an estimated 15-2deq I since 1988. N@is
labile fraction also significant due to high DOCthus becoming increasingly significant as a
levels. contributor to the acid anion total, and a Seasonal
Kendall analysis of N@(NO;+xSQ,) gave a
The River Etherow is one of the few sites in théiighly significant estimated increase of 0.04 over
UKAWMN showing a clear decrease in sulphatehe ten year period.
levels, with both S@and xSQ exhibiting large
and significant declining trends over the last tes noted above, road salt may provide a source
years. It is estimated that the reduction in xSOof Na and Cl at the Etherow. This, and the inland

Table 4.12.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
SO, peq I -8.15%*** -5.56*

XSO, peq I -8.04*** -5.85*

Mg peq I -3.25%*

Ca peq I -2.85*% -

NO3 peq I +2.07*** +1.50*

DOC mg |- +0.48* +0.27***

Non-labile Al pg I +4.27* +5.00**

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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River Etherow:
summary of major
chemical
determinands
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March 1998)
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(Section 3.1.2)
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Table 4.12.4

River Etherow: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A RDA/MNRDA MRDA/MPCA
of squares of Taxa diversity

Epilithic diatoms 318 66 31 0.11 0.11
Macrophytes 2 5 1.0 1.82 0.65
Invertebrates 346 29 35 0.54 043
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 230 77.0 4.4 021 0.70
Macrophytes * * 63.3 0.01 <0.01
Invertebrates 29.7 70.3 17.7 <0.01 0.06

location, may explain the low variability in theseand was again present in 1998. Floristic
ions relative to most other sites. Nevertheless, thdifferences between years appear to be associated
time series for Cl (Figure 4.12.2f) does appear twith variation in hydrological characteristics of
show a small peak in 1990, comparable to thogbe River Etherow and therefore with variation in
observed elsewhere, and there may therefore blmate. Years in whiclA.minutissimalominates
some climatic influence. A highly significant are generally characterised by prolonged periods
DOC increase has occurred at this site, witbf elevated pH (at least according to monthly
concentrations having risen by 2.7 mgdince spot samples) in the spring and early summer,
1988 based on the SKT trend estimate. This.g. 1989, 1994 and 1995. Rainfall data for the
increase largely appears to have come fromearby Meteorological Station (Emley Moor)
higher peak concentrations (Figure 4.12.21). Ademonstrates that spring and early summer in
associated, although less significant, increase these years were relatively dry, resulting in

identified for non-labile Al. relatively alkaline, base-flow dominated
o . conditions. E. exiguais most abundant in the

[ Ep|||’[h|() diatoms wetter years which exhibit more episodic
chemical characteristics, resulting from the
(Figure 4.12.3, Table 4.12.4) increased influence of acidic surface runoff. The

link between summer rainfall and the diatom

The epilithic diatom assemblage of the RivefOmMunity 1S lllustrated by the relationship
. etween diatom inferred pH (using weighted
Etherow has undergone large inter-annua

variation. with the abundance of the most’;\veraging) and June-July rainfall data (Section

domi . L 7.3.1). RDA and associated permutation test
ominant speciesAchnanthes minutissimgH o T

optima 6.3) andEunotia exiguapH optima 5.1) show that time is not significant at the 0.01 level.
shifting markedly between years. In 1993 both

these species occurred in relatively lowg Macroinvertebrates

abundance and the samples were relatively

diverse, with elevated representation of th
acidophilous specieBrustulia rhomboidesvar.
saxonica Brachysira brebissonjiB. vitrea and
Eunotia rhomboidea Pinnularia diverg-
entissimawas recorded for the first time in 1997

?Figure 4.12.4,Table 4.12.4)

The macroinvertebrate community of the River
Etherow has undergone a considerable increase
in species richness over the past decade. The site
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Table 4.12.5

River Etherow: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 96 97

SUBMERGED SPECIES

Filamentous green algae <0.1 12 <01 <01 10 0.0 00 <01 <01
Atrichum crispum 0.0 00 <01 00 00 0.0 0.0 00 00
Mnium hornum <01 <01 0.0 00 00 0.0 00 <01 00
Polytrichum sp. 0.0 00 00 00 <01 <01 <01 <01 00
Scapania undulata 187 185 148 149 90 6.3 6.7 126 36
Juncus bulbosus var. fluitans <01 <01 <01 00 00 0.0 00 <01 00
EMERGENT SPECIES

Juncus effusus <01 <01 <01 <01 00 <01 <01 00 <01
total macrophyte cover 187 185 148 149 90 6.3 6.7 126 36

excluding filamentous algae

TOTAL NUMBER OF SPECIES 5 5 5 3 3 2 2 5 3

is dominated by acid tolerant detritivorousimportant. Despite these changes the species
stoneflies. Leuctra inermis was the dominant composition does not show a linear trend with
stonefly throughout and occurred in very highime according to RDA and associated restricted
numbers while Amphinemura sulcicollisand permutation test.

Protonemura spp. were both numerous. .

Brachyptera risi showed an increase inll Fish

abundance in the last five years of the survey.

The predatory stoneflgiphonoperla torrentium On sampling in 1989 this site was found to be
was present throughout, with the exception dfishless. As it is situated above a fishless
1992 which was an impoverished year both imeservoir which prohibits any possibility of fish
species richness and abundance. Of the mayfliexlonising the reach from downstream, no further
Ameletus inopinatusvas recorded in relatively sampling has been carried out.

high numbers throughout while the acid sensitive .

Baetis spp. first appeared in 1992, was abserll AquatIC macrOphytes

between 1994 and 1996 and reappeared in 1997.

Other characteristic species inclugkyacophila (Tables 4.12.4-5)

spp., Plectrocnemia spp., Tipulids and

chironomids. Possible causes for the apparef,q higuitous and highly acid tolerant liverwort
increase in diversity are unclear as there is r@pecies,Scapania undulatahas been the only
evidence to suggest improvements in acidityyngistent representative of the aquatic
status. However, it is interesting to note thatys,crophyte flora over the past decade. The cover
inter-annual variation in species richness is well¢ .« species in the survey stretch has declined
correlated with that for the majority of the otherg;, e 1988, Given its broad chemical tolerance it
streams in the Network (Section 7.4.2) and it i§gemg most likely that its reduction results from
therefore possible that climatic factors, andyyysjcal scouring associated with storm events.
particularly - spring  rainfall/flow, may be ayernatively, it is possible that the large increase
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in DOC at the site has restricted its available
habitat through the effect of light limitation.
Reduction in the cover &.undulataappears to
drive the significant time trend in species cover
identified by RDA and associated restricted
permutation test.

B Summary

The River Etherow has the highest xSénd
NOg concentrations in the UKAWMN, due to
high deposition levels. Mean pH and alkalinity
are not as low as might be expected, due to a
large internal supply of base cations, but the site
is extremely episodic, with chemistry at high
flows the most acidic in the UKAWMN.
Consistent with the regional pattern of deposition
reductions, the Etherow is one of the few sites to
have shown clear reduction in xg@y 25-30%)
since 1988. This has not yet been accompanied
by identifiable recovery in either pH or alkalinity,
possibly due to limitations in the data and high
short-term variability, although it also appears
that other ionic changes are offsetting the
reduction in xSQ In particular, N@ has risen
significantly, and is becoming an increasingly
important contributor to site acidity. The
considerable inter-annual variation in the
epilithic diatom species assemblage, the increase
in the number of macroinvertebrate species with
time, and the reduction in cover of aquatic
liverworts, may be primarily related to changes
in the rainfall regime, through its influence on
episodes and physical scouring at high flow.



Figure 4.12.3
River Etherow:

summary of
data (1988 - 1998)
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Figure 4.12.4
River Etherow:
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4.13 Old Lodge

m Site Review

Situated on the Ashdown sands, within th
Ashdown Forest, the Old Lodge catchment is tt
only UKAWMN site in southeast England. The
survey sections are prone to occasional wind-blc
of large beech trees, and while fallen timber

generally removed in the course of Resen
maintenance, physical changes have resulted fr
the accumulation of old wood and other debris

some reaches and from changes in the extent
shading. Otherwise there has been no ma]
physical disruption within the catchment over th
course of the last decade.

m Water Chemistry
(Figure 4.13.2, Table 4.13.2-3)
Old Lodge is the most chronically acidic site in th

UKAWMN, with a mean pH of 4.59, a mear
alkalinity of -30 peq I, and a mean labile Al

Table 4.13.1

Old Lodge: site characteristics

Grid reference TQ 456294
Catchment area 240 ha
Minimum catchment altitude 94 m
Maximum catchment altitude 198 m
Catchment Geology Ashdown sands
Catchment Soils podsols

heathland 80%
deciduous woodland 15%

Catchment vegetation

conifers15%
Mean annual rainfall 872 mm
1996 deposition
Total S 14 kg hal yrl
non-marine S 11 kg hal yrl
Oxidised N 5 kg hal yrl
Reduced N 9 kg hal yrl

Old LodgeChapter Four

Contours in metres

0

Figure 4.13.1

Old Lodge:
catchment

Table 4.13.2

Old Lodge: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min

pH 459 495 410
Alkalinity peq It -30.0  -9.0 -86.0

Ca peq 1 1520 3545 915

Mg peq It 1442 3583 66.7

Na peq I’ 4630 8130 2696

K peq 1 200 1103 7.7

SO, peq It 2527 8188 64.6

xS0, peqll 1927 7315 -175

NO, peq 1 7.1 250 <14

Cl peq It 571.0 1036.6 304.2

Soluble Alug It 239.9 533 36.2

Labile Al pg It 1947 5305 224
Non-labile Al pg It 450 3100 <25
DOC mglt 50 15.0 17
Conductivity pS cm-1 105.9 202.0 63.0
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concentration of 195ieq I (maximum 531ueq there appears to have been a peak in 1994 and
[-1). Alkalinity has remained negative, and pH1995 (Figure 4.13.2a,b). Regression analysis
below 5.0, throughout the monitoring period, andloes however indicate that NChas risen
several large episodic decreases have besignificantly since 1991, by approximatelyi&q
recorded for both determinands (Figurd-i, although the relatively short period analysed
4.13.2a,b). Major ion concentrations are genmust be taken into consideration. Also identified
erally high at this site, with mean CI, Na, Mg, Caby regression are declining trends in,S£50,,
and K concentrations the highest in the NetworkNa, Mg and Ca, and an increase in DOC. The
and xSQ second only to the Etherow. These highdbOC change, of around 3 mg dver the decade,
concentrations result partly from the warmer anés also identified by SKT, and appears to
drier climate, and hence higher evaporation, aepresent a fairly steady increase. The other
this southeast England site compared to the resgression trends are not observed using SKT,
of the Network. They are also a function of higrhowever, and are therefore less certain.
marine ion deposition from the nearby EnglisHnspection of time series in Figure 4.13.2
Channel, and high pollutant inputs from upwindsuggests that changes have occurred erratically
emission sources, relative to the low rainfallfor these determinands over time. It is therefore
DOC concentrations are also high, with larggossible that climatic factors have influenced
episodic increases, but N@oncentrations are changes over the decade, and apparently cyclical
low (mean 7 peq 1), indicating that the variations in Cl and Na (Figures 4.13.2f,h)
catchment retains the capacity to immobilissupport this hypothesis. In fact, despite the
large N inputs. difference in geographical location, there are
striking similarities between marine ion
Trend analyses at Old Lodge are hindered byariations at Old Lodge and those at west coast
analytical problems prior to a laboratory changeites, with a pronounced peak around 1990.
in April 1991 (Section 3.1.1), and data for theNevertheless, some underlying decline in,SO
first three years are missing for pH, alkalinity andsQ, and Ca is suggested by time series (Figure
NOs;. Absence of significant trends in pH and4.13.2c,d,g), perhaps indicating a catchment
alkalinity is therefore unsurprising, althoughresponse to deposition reductions.

Table 4.13.3

Significant trends in chemical determinands (July1988 - March 1998)

Determinand  Units  Annual trend (Regression) Annual trend (Seasonal Kendall)
SO, peq 1-1 -10.12**

xSO, peq 11 -8.81*

Na Meq 11 -9.30**

Mg peq 1-1 -4.42%*

Ca peq 11 -4.90***

NO; peq 1-1 +0.71*

DOC mg 11 +0.35%** +0.28**

labile Al pg 11 -5.98* -

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001.Trend for
nitrate based on 1991-1998 only
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Table 4.13.4

Old Lodge: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum  Number Mean N, ARDA/I,RDA  A;RDA/APCA
of squares of taxa diversity
Epilithic diatoms 176.0 87 25 0.30 0.28
Macrophytes 11 3 13 0.14 0.12
Invertebrates 3510 23 33 0.50 041
Variance p
explained (%) within year between years linear trend unrestricted restricted
Epilithic diatoms 422 57.8 8.4 0.01 0.13
Macrophytes - - 116 0.38 0.52
Invertebrates 26.9 731 126 <0.01 0.08

Table 4.13.5

Old Lodge: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

(% cover of 50 m survey stretch)
Year 88 89 90 91 92 93 95 96 97

SUBMERGED SPECIES

Filamentous green algae 94 630 <01 13 228 0.0 00 <01 <01
Scapania undulata 0.6 20 32 26 24 19 11 05 13
Glyceria fluitans <01 <01 01 <0.1 00 02 <01 00 00
Juncus bulbosus

var. fluitans <01 <01 <01 <01 <01 03 01 <01 <01
EMERGENT SPECIES

Juncus effusus 00 00 <0.1 00 00 01 01 <01 <01

total macrophyte cover
excluding filamentous algae 0.6 20 33 26 24 24 13 05 13

TOTAL NUMBER OF SPECIES 3 3 4 3 2 4 4 3

B Ep|||th|C diatoms restricted, permanently strongly acid pH
fluctuations of this site. The acidophilobanotia

(Figure 4.13.3, Table 4.13.4) speciesE. exigua E. incisaandE. rhomboidea,

are the three most abundant taxa and the former

As at several other stream sites, the epilithon ¥@s dominant in most years, with the exception of
Old Lodge has varied markedly from year to yeat993 whenE.incisa was relatively common.
although the relatively narrow range of pHA\chnanthes minutissimavhich has a higher pH
optima of the dominant species emphasises tAgtima (6.3) was relatively abundant in 1989,
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appearing to reflect a period of relativelyoccurred in all years except 1996. Mean
elevated pH in the summer of this year. Howevergondition factor of 0+ fish was highest in both the
unlike the majority of stream sites there is ndiigh recruitment year of 1992 and the low
relationship between the diatom inferred pHrecruitment year of 1994. Length frequency
using weighted averaging, and summer rainfalgraphs show clearly the recruitment peak in
RDA and associated restricted permutation tedt992. They also show that this was not
shows that “sampling year” is not significant alaccompanied by a strong cohort of fish

the 0.01 level. progressing through the population in subsequent
. years. It is interesting to note that the first three

m Macroinvertebrates years of monitoring, during which there was no
recrutiment, were also characterised by

(Figure 4.13.4, Table 4.13.4) particularly elevated concentrations of soluble

labile alumium. These data are therefore

The impoverished macroinvertebrate fauna ofonsistent with a response to declining levels of
Old Lodge is typical of an acid stream,acidity.

characterised by acid tolerant detritivorous )

stoneflies and the predatory caddisflyll AquatIC macrophytes
Plectrocnemiaspp. Of the stonefliedNemoura

spp. and Leuctra nigra dominate. Leuctra (Tables 4.13.4-5)
hippopusoccurred in high densities in 1992 only,

while  Nemurella  pictetii was present the aquatic macrophyte flora of Old Lodge is
intermittently in low numbers during the first half 45 minated by the ubiquitous and acid tolerant

of the study period, but has shown increasing,erwort Scapania undulata although

abundance during the last three yeargyccagionally this has been covered by a
Siphonoperla torrentiumwas present in 1oW ¢qnsiderable growth of filamentous algae. The
numbers in the second half of the monitoring,,sp juncus bulbosusar. fluitans and the grass
period. Other. charac.te.n;tlc fauna mclude. th"E’Slyceria fluitans both relatively opportunistic,
freshwater BivalvePisidium spp., the acid paye occurred sporadically over the decade in
tolerant AmphipodNiphargus aquilexand the  gjity |ocations. The macrophyte survey stretch
alderfly Sialis fuliginosa Baetis spp. occurred 54 undergone considerable physical change
intermittently in low numbers, the highesty,ng the monitoring period as the result of
density being recorded in 1993. Inter-annugjing piown trees which have caused temporary
variation in species richness is similar to tha&amming and siltation. In addition, canopy
observed at several other UKAWMN streamypading has reduced substantially in places.
sites.  This suggests that climatic factorspegpite these changes there is no evidence of any
particularly as they relate to the flow regimeang in cover or species representation over the

may have an important influence (Section 7.4.244itoring period and time is insignificant as a
RDA and associated permutation test Show Ngnear trend according to RDA and restricted
significant time trend in the species assembla%‘ermutation test.

at the 0.01 level.

a Fish B Summary

Old Lodge is severely acidified, with a
(Figure 4.13.5) continuously negative alkalinity. Major ion

concentrations are generally higher than at other
Old Lodge has been electrofished since 1989. F&lKAWMN sites, due to a combination of high
the first three years samples were characteris@dllutant and marine deposition and higher
by the absence of any 0+ trout and extremely lowvaporation, although most incoming NO
numbers of >0+ trout. However, in 1992 acontinues to be retained. Shortened data series
significant increase in density occured with arffor some determinands makes trend analysis
influx of O+ trout. Since then recruitment hagdifficult, but it appears that xSCand Ca may

m 171
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have declined, and NGand DOC risen. Marine
ions have exhibited large fluctuations over the
monitoring period, possibly having a significant
impact on stream acidity. Trout data indicate a
general improvement in conditions, but this is not
apparent for other biological groups and
suggestions of signs of “biological recovery” are
perhaps premature at this stage.
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Figure 4.13.3

Old Lodge:

summary of

epilithic diatom
data (1988 - 1998)
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Figure 4134
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summary of fish
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Figure 4.13.5

Old Lodge:
summary of fish
data (1989 - 1997)
(c) Trout length
frequency
summaries
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4.14 Narrator Brook

m Site Review

Narrator Brook, which feeds the Burrato
Reservoir within the Dartmoor National Park, i
the only representative site for southwest Englar
The water chemistry sampling point was move
upstream in 1991 following a period of felling ir
the lower part of the catchment. This has led to
step change in the concentration of some chemi
determinands and as a result trend analysis |
only been carried out on the last 7 years of da
Low intensity grazing around the 50 m lony
macrophyte survey stretch has recently be
restricted following the introduction of new
fencing. However, this has had little impact on tr
bank-side vegetation to date. Otherwise, there ¢
no indications of physical changes within th
catchment over the past decade.

Table 4.14.1

Narrator Brook: site characteristics

Grid reference SX 568692

Catchment area 253 ha

Minimum catchment altitude 225m

Maximum catchment altitude 456 m

Catchment Geology granite

Catchment Soils iron pan stagnopodsols,

brown podsols

Catchment vegetation moorland and acid

grassland 98%,

deciduous

woodland 2%

Mean annual rainfall 1819 mm
1996 deposition

Total S 22 kg halyri

non-marine S 15 kg halyrt

Oxidised N 9 kg halyrl

Reduced N 20 kg hatyrl

Narrator Brook Chapter Four

00V

Contours in metres

0 1km
]

Figure 4.14.1

Narrator Brook:
catchment

Table 4.14.2

Narrator Brook: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min
pH 5.77 6.37 493
Alkalinity peq 'l 156 584  -11.0
Ca peq it 345 69.5 175
Mg peqlt 650 100.0 50.0
Na peq It 2535 3348 2087
K peq it 20.0 28.2 154
SO4 peq It 73.8 854 62.5
xSO4 peq It 45.0 57.7 22.7
NO3 peq I 6.4 157 <14
Cl peq Il 2738 4789 2197
Soluble Al pg I 600 236.0 11.0
Labile Al pg 11 266 166.0 <25
Non-labile Al pg I 336 156.0 <25
DOC mg |- 14 5.8 03

Conductivity pScml 429 58.0 29.0

m 177
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B Water Chemistry subsequent sea-salt effect during the early 1990s,
pH and alkalinity may have been depressed at
(Figure 4.14.2, Tables 4.14.2-3) this time. This would explain the subsequent

increases in these determinands identified by
Narrator Brook has a mean pH of 5.77, and Elegression analysis, rather than a recovery due to
mean alkalinity of 1dieq H. Al concentrations "€duced acid deposition  reduction. This
are low, and divided equally between labile an§°NCUsion is supported by the fact that,%@d

non-labile forms. Low Ca concentrations (meaﬁ(SO4 appear acFua!Iy to have risen smcg 1991
35 peq ) suggest that this is a sensitiveReasons for this increase are uncertain; it is

catchment, and it becomes acidic (pH <5 gPossible that xSPdeposition has also risen in

alkalinity <0 peq 1) during episodes. NO this region over the Iast_ decade (Vincental.,
concentrations are low, with a mean gl I, 1998), but an alternative cause may be the

whilst marine ion concentrations are high owingi\;a”at'on n mar'me inputs. It has.been proposed
to the near-coastal location y Evanset al. (in press) that during periods of

high sea-salt deposition, higher S@onc-

The change of sampling point in April 1991 |edentratio!1 in soil water .Ieads. to.increased4SO
to a step change in a number of determinan(i’éjsorpt'o_n on to the S_O'l’ Wh_'Ch i turn I_ead_s to
(Patricket al. 1995). Data collected prior to this an effe_ctlve reduction in XS‘Q'E_" a reductl_on |r_1
are not included in trend analyses. The 1991tbe ratio Of total SPto Cl) Th|s. mechanism 'S_
1998 dataset exhibits a number of significan&’“SCUSSEd in more detail in Section 5.3.3. The rise
trends (Table 4.14.3). Cl has declined" xSQ, from 1991 .onward.s may therefore
significantly since 1991 according to bothrePresent the desorption of this stored, SO
analytical methods, and this is clearly observable o o

in the time series (Figure 4.14.2f). It is thoughta‘lt_hou_gh Narrato_r quok exhibits I|m|ted_
that this represents part of a similar cyclical cFPISOdiCity, two major episodes were sampled in
variation to that observed at many other siteg1e latter part of the record. The first, in
across the UK, and this is supported by pre_lg(ﬂovembgr 195.)6,.appears to have been.a staqdard
data at Narrator Brook. Although not comparablé?ase cation dilution event, with Ca falling to its
to post-1991 data in absolute terms, Cl levell@West recorded level. In contrast, the January
clearly rose during the first three years ofl 298 event was the result of a major sea-salt

sampling to a peak in winter 1990-1991. Giverstorm, andlled to the highest.observed Cland Na
high marine cation concentrations and th&oncentrations. The resulting sea-salt effect
generated a severe acidic episode, with the

Table 4.14.3

Significant trends in chemical determinands ( July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH +0.053**

Alkalinity peq I +1.86** -

SO, peq I +0.65** +0.52*

XSO, peq I +1.02%** +1.08*

Cl peq I -3.55* -5.63*

Labile Al pg I +2.92*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Figure 4.14.2

Narrator Brook:
summary of major
chemical
determinands
(September 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.14.4

Narrator Brook: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A RDA/MNRDA MRDA/MPCA
of squares of Taxa diversity

Epilithic diatoms 333 88 31 0.20 0.20
Macrophytes 5 13 21 0.84 057
Invertebrates 436 46 56 0.30 0.29
Variance p

explained (%) within year  between years linear trend  unrestricted restricted

Epilithic diatoms 444 55.6 43 0.17 0.64
Macrophytes * * 303 0.04 0.06
Invertebrates 54.1 459 6.1 <0.01 0.09

lowest pH and alkalinity, and highest labile Al,base-flow dominance of the stream hydrology.
observed during the monitoring period.As with several other UKAWMN stream sites,
Additionally, there was a sharp decline in %50 diatom inferred pH (derived from weighted
supporting the hypothesis of marine SOaveraging), is inversely correlated with June-July

retention described above. rainfall over the period (Section 7.4.1). RDA and
o . associated permutation test show that time is not

[ Ep|||th|c diatoms a significant variable at the 0.01 level.

(Figure 4.14.3, Table 4.14.4) m Macroinvertebrates

Although the epilithon of Narrator Brook is (Figure 4.14.4, Table 4.14.4)

dominated by Achnanthes minutissimand

Fragilaria vaucheriag species typical of mildly Thjs is the most diverse stream in the Network.
acid streams, samples in some years have alg@er the Chironomidae, the fauna is dominated
contained taxa with lower pH preferencesby a diverse community of stoneflies,
Eunotia vanheurckivar. intermedia(pH optima  :haracterised byLeuctra inermis and the

5.3) was particularly abundant in 1991 and 199%yredatordsoperla grammaticandSiphonoperla
while Eunotia [sp. 10 (minima)] (pH optima 4.9)orrentium  Other abundant stoneflies include
occurred at >5% frequency in 1997 and 1998sotonemuraspp., which had its highest density
Increases in both taxa appear to be balanced bya199g andBrachyptera risi Several species
reduction inA. minutissima suggesting more intolerant of low pH have been recorded (e.g.
acid conditions during these periods. Thesgaetis spp., Hydropsyche siltalaiand Limnius
findings are consistent with changes in the watefy|ckmar). Caddisfly species are also numerous,
chemistry for this site. For exampleA. githough several have appeared in the last 5 years
minutissimawas particularly abundant in 1992 (notably Lepidostoma hirtumDrusus annulatus
and 1995 when pH of samples was consistently,q Adicella reducta) The first five years were
elevated during the spring and summer, probabpgther impoverished in abundance, with 1992
as a result of low rainfall (as recorded by thgeing a particularly poor year. Since 1993 there
nearby Princetown Meteorological Station) anthas peen an increase in both species richness and

180 m
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Table 4.14.5

Narrator Brook: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 96 97

INDICATOR SPECIES

Lemanaea sp.1 00 00 00 <01 00 00 00 03 00
Brachythecium plumosum? 08 00 0.0 00 00 00 00 00 00
Fontinalis squamosa? 39 52 24 25 28 15 25 26 04
Hyocomium armoricum? 49 46 2.4 29 13 15 28 38 19
Rhyncostegium riparioides? 192 141 183 139 94 75 183 126 73
Nardia compressa3 <01 0.0 0.0 00 00 00 00 00 00
OTHER SUBMERGED SPECIES

Filamentous green algae 0.0 03 <01 07 <10 0.0 0.0 00 00
Juncus bulbosus var. fluitans 0.0 01 <01 01 02 <01 0.0 00 00
Polytrichum commune 00 <01 0.0 00 00 <01 <01 14 <01
Scapania undulata <0.1 09 05 07 05 0.2 0.6 10 08
Sphagnhum sp. 0.0 0.0 0.0 00 07 0.0 00 <01 00
EMERGENT SPECIES

Glyceria fluitans <0.1 03 <01 00 00 <01 0.1 00 00
Juncus effusus 00 <01 <01 00 00 <01 0.0 00 01
Ranunculus flammula 00 <01 <01 01 <01 0.0 0.1 01 <01
Ranunculus omiophyllus <0.1 01 <01 00 <01 0.0 0.3 00 01

total macrophyte cover
excluding filamentous algae 288 253 236 202 149 107 247 218 106

TOTAL NUMBER OF SPECIES 8 11 10 8 9 8 8 8 8

abundance. This may reflect an improvement iof both 0+ and >0+ fish show no trends over the
conditions, although similar temporal patterngen years, although the density of >0-group fish
have been observed in macroinvertebrateas lower between 1991 and 1994 than in other
diversity at several other stream sites and itears. Similarly, no time trends are apparent for
seems likely that climatic factors, particularlycondition factor statistics for either age class,
those relating to spring flow conditions have armlthough they do show remarkably smooth and
important influence (Section 7.4.2). Time as a&ynchronous oscillatory patterns which appear
linear trend is not significant in explainingindependent of density. The length frequency
changes in species composition using RDA anhistograms indicate a healthy population
associated permutation test at the 0.01 level. structure at the site although a somewhat higher

. proportion of 0+ fish might have been expected.
m Fish

m Aguatic macrophytes
(Figure 4.14.5)

Narrator Brook has been electrofished sincgrables 4.14.4-5)

1988. Mean trout densities are the second hlghe]sﬁe particularly diverse aquatic macrophyte flora

found in the Network and reflect the relatively
high water quality of this site. Population densit of the Narrator Brook survey stretch appears to
g quality -Fop Yeflect the relatively alkaline water chemistry,
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and the incised nature of the channel which
provides a habitat for a number of emergent
species. Throughout the decade the stretch has
been dominated by the acid sensitive moss
Rhyncostegium ripariodes/hile two other moss
species,Fontinalis squamosand Hyocomium
armoricum have also been relatively abundant.
There has been a general reduction in overall
cover over the decade. However, as this has not
been accompanied by relative changes in species
representation, it most likely represents effects of
physical disturbance, or possibly an increase in
shading of the survey stretch by bank-side
vegetation, rather than any response to changing
water chemistry. RDA and associated
permutation test show that the change in species
cover with time is insignificant at the 0.01 level.

B Summary

Narrator Brook is moderately acidic, with
occasional dilution or sea-salt driven episodes
causing alkalinity to fall below zero. Trend
analysis is only possible on data for 1991-1998,
during which time chemical changes have been
dominated by recovery from a marine ion peak in
1990-1991. Apparently contradictory increases
in XSO, and pH/alkalinity may both be due to the
effects of marine ions, while inter-annual
variation in the macroinvertebrate and epilithic
diatom communities may both be linked to
variations in flow at particular times of the year.



Figure 4.14.3
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Figure 4.14.4

Narrator Brook:

summary of
macroinvertebrate

data (1988 - 1998)
frequency of taxa in
individual samples
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Figure 4.14.5

Narrator Brook:

summary of fish

data (1988 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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Figure 4.14.6

Narrator Brook:
summary of fish
data (1988 - 1997)
(c) Trout length
frequency
summaries
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4.15 Llyn Llag

m Site Review

Llyn Llagi lies at an altitude of 380 m in the
Snowdonia National Park. Changes in the fos:
diatom assemblage of a sediment core from the ¢
indicate that the lake has acidified progressive
from at least the mid-nineteenth century (diatol
inferred pH 6.0) to around pH 4.6 by the mid 198(
(Patricket al, 1995). The uppermost levels of thi
sediment core suggested a slight improvement (i
recovery) from this time to the top of the cor
(1990). There has been no physical disturbance
change in the land management regime (lc
intensity sheep grazing) in the catchment over t
last decade. Recently the site has been includec
the UK Acid Deposition Monitoring Network, and

Llyn Llagi Chapter Four

Figure 4.15.1

Llyn Llagi:

catchment
Table 4.15.2

Llyn Llagi: summary of chemical
determinands, July 1988 - March 1998

Table 4.15.1

Llyn Llagi: site characteristics

Grid reference SH 649483
Lake altitude 380 m
Maximum depth 165 m
Mean depth 58m
\Volume 3.3x10°m3
Lake area 5.67 ha
Catchment area (excl. lake) 157 ha
Catchment; Lake area ratio 27.7

Catchment Geology

Catchment Soils

Catchment vegetation
Net relief

Mean annual rainfall
1996 deposition
Total S

non-marine S
Oxidised N

Reduced N

ordivcian slates and
shales, dolerite and
volcanic intrusions
stagnopodsols,
stagnohumic gleys,
blanket peat
moorland 100%
298 m

2941 mm

24 kg hat yrt
18 kg hal yrl

9 kg hal yrl
18 kg hal yrt

Determinand Mean Max Min
pH 534 6.30 478
Alkalinity peq I 5.6 334 -8.0
Ca peq 't 525 94.0 31.0
Mg peq 't 46.7 75.0 25.0
Na peq It 1687 2913 1000
K peq I 6.2 19.2 2.6
SO, peq It 61.0 813 39.6
XSO, peq It 40.6 67.9 17.1
NO; peq 't 10.0 38.6 2.1
Cl peq It 1938 3775 98.6
Soluble Al pg I 741 1930 5.0
Labile Al pg I 397 1590 <25
Non-labile Al pg I 35.6 80.0 <25
DOC mg |- 24 550 <0.10
Conductivity pScml 31.2 58.0 13.0
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this should allow a more thorough comparison ofulphate rose during the early part of the record
the temporal relationship between deposition anout may now have begun to decline, as in
surface water chemistry in the catchment iGGalloway and the Lake District.

future years.

, m Epilithic diatoms
m Water Chemistry

(Figure 4.15.3, Table 4.15.4)
(Tables 4.15.2-3, Figure 4.15.2)

The epilithic diatom assemblage of Llyn Llagi
Llyn Llagi is a moderately acidic site with ahas undergone highly significant linear change,
mean pH of 5.34 and a mean alkalinity gfi€q according to RDA and associated permutation
[-1. Al concentrations are fairly low, with test. “Sample year” can account for 17.6 % of all
approximately equal concentrations of labile angtariance between samples while the maximum
non-labile forms. Large seasonal variations areariance which can be explained by one axis in
observed for a number of determinands, witlPCA is only 22.9%. The most striking change
alkalinity generally becoming negative duringobserved is the dramatic reduction in
winter. Although mean NQevels are low (mean acidophilous Tabellaria quadriseptata (pH
10 peq 1), large winter peaks have beenoptima 4.9) between 1995-1996. As at Loch
recorded, at which times concentrations hav&rannoch there has been an abrupt change in the
approached those of xg@nean 4lueq I1). relative abundance of this species, although at

Loch Grannoch it has become more abundant. Its
Trend analyses show that little net change hatecline appears to be reciprocally related to
occurred in lake chemistry at this site since 1988ncreases in species with higher pH optima
A trend is identified in pH, using SKT (Table including Nitzschia perminutgpH optima 5.7),
4.15.3), but as this is not accompanied b¥yeronia fibula(pH optima 5.3) andrachysira
significant changes in either alkalinity or acidvitrea (pH optima 5.9). Diatom inferred pH
anions it is difficult to attribute to genuine (derived from weighted averaging) shows that
chemical recovery. Peaks in Cl and Na duringhe species assemblage is indicative of gradually
1990-1991 are remarkably similar to thosencreasing pH during the decade (Figure 7.3a).
observed in the Galloway and the Lake DistrictSimilar species changes are apparent in the
supporting the hypothesis of a wide-rangingediment trap samples (Figure 4.15.6) although
climatic influence. On the chemical evidencen these there is a steadier increasé&.imcisa.
alone it is therefore more likely that the pH trendsenerally therefore, changes in both the
and cyclical variation in Ca, primarily result epilithon and sediment traps are consistent with
from climatic effects (Figure 4.15.2g) (however,an increase in pH observed in the more recent
see epilithic diatom Section). Non-marineyears of monitoring and also appear to follow the

Table 4.15.3

Significant trends in chemical determinands (July 1988 -1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)

pH +0.049*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001



6.0

pH

55

5.0

80

60

40

Heq I+

20

40

30

20

peq It

10

80

peq It

60

40

1989 1991 1993 1995 1997

(c) Sulphate

1989 1991 1993 1995 1997

(e) Nitrate

1989 1991 1993 1995 1997

(g) Calcium

1989 1991 1993 1995 1997

(i) Labile Al

1989 1991 1993 1995 1997

(k) Total Soluble Al

1989 1991 1993 1995 1997

Heq It

Heq It

Heq It

Heq It

mg I*

30

20

10

80

60

40

20

300

200

100

(b) Alkalinity

Llyn Llagi Chapter Four

1989 1991 1993 1995 1997

(d) Non-marine Sulphate
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Figure 4.15.2

Llyn Llagi:
summary of major
chemical
determinands
(September 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.15.4

Llyn Llagi: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number Mean N, A RDA/NRDA M RDA/M,PCA
of squares of Taxa diversity

Epilithic diatoms 376 135 8.0 1.28 0.77
Macrophytes 39.8 21 119 1.01 0.70
Invertebrates 771 36 3.0 0.69 0.46
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 434 56.6 176 <0.01 <0.01
Macrophytes * * 27.6 0.02 012
Invertebrates 42.0 58.0 115 <0.01 <0.01

apparent recovery trend identified in thel993 and was present in very high numbers in
uppermost levels of the sediment core taken ih995. Time as a linear trend is significant at the
1990 (Patriclet al.,1995) (Section 7.2.5). These0.01 level according to RDA and restricted
observations provide the most convincingpermutation test. There seems to have been a
evidence of real biological “recovery” seen athange in species composition from a
any UKAWMN site. However, due to the clearcommunity characterised by acid tolerant
sensitivity of the chemistry of Llyn Llagi to stoneflies in the early years to one with fewer
climatic effects, further monitoring is essential tostoneflies and some moderately acid sensitive
ascertain whether these changes are sustainedbeetles and caddisflies.

m Macroinvertebrates m Fish

(Figure 4.15.5)
(Figure 4.15.4, Table 4.15.4)

The outflow stream from Llyn Llagi has been
Llyn Llagi is dominated by chironomids and theelectrofished since 1989. Mean trout densities
acid tolerant mayfly family, the Leptophlebiidae.are in the middle range of those found in the
The first few years were characterised by acifletwork sites. Densities of 0+ trout have
tolerant stoneflies Nemoura spp.) and fluctuated over the years and overall show a
caddisflies Plectrocnemiaspp., Limnephilus pattern of decline although there is not a
spp.). The second half of the survey showed tatistically significant linear relationship with
increase in the number of Coleopterandime. Densities of >0+ fish and the mean
particularly Oulimnius tuberculatus Of the condition factor for both age groups show no
Polycentropodid caddisflie®olycentropusspp. pattern over the years. The coefficient of
was the most abundant and ocurred in all yeapgriation of the condition factor for the >0 group
except 1990Plectrocnemiaspp. was recorded in is particularly elevated in 1990. The length
low numbers and was absent in 1998, whilérequency graphs show the variation in
Holocentropusspp. andCyrnusspp. were both recruitment together with the subsequent impact
recorded intermittently.  The Hydroptilid upon the numbers of >0+ fish present in the
caddisfly, Oxyethiraspp. was first recorded in following year.
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Table 4.15.5

Llyn Llagi: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Myriophyllum alterniflorum? 1 1 1 1 1 2 1 1
Sphagnum auriculatum4 1 2 2 3 3 3 3 3
Juncus bulbosus# 0 1 1 1 2 2
OTHER SUBMERGED SPECIES

Batrachospermum sp. 2 2 2 2 2 3 2 2
Filamentous green algae 4 5 5 5 5 5 5 5
Amblystegium sp. 1 2 0 1 2 2 2 1
Drepanocladus sp. 1 1 0 0 0 0 0 1
Fontinalis sp. 1 1 2 2 2 2 2 1
Polytrichum sp. 0 0 1 0 0 0 0 0
Rhytidiadelphus squarrosus 0 1 0 0 1 0 1 1
Marsupella emarginata 0 1 1 1 1 1 1 1
Nardia compressa 0 1 2 2 1 0 1 1
Plectocolea obovata 1 1 1 1 0 0 0 0
Scapania undulata 1 2 2 2 0 1 0 1
Isoetes echinospora 1 1 2 2 2 1 2 2
Isoetes lacustris 5 5 5 5 5 5 5 5
Littorella uniflora 2 2 3 3 3 3 3 3
Lobelia dortmanna 4 4 4 4 4 4 4 4
Subularia aquatica 0 0 0 0 0 1 0 0
Potamogeton polygonifolius 0 0 1 1 1 2 1 1
Sparganium angustifolium 1 2 2 2 2 2 2 2

EMERGENT SPECIES
Juncus effusus
Juncus acutifloris/articulatus

a1 N
(6]
N
a1 N
a1 N
a1 N
a1 N
a1 N

TOTAL NUMBER OF SPECIES 16 20 19 19 18 18 18 20

[} AquatIC macrophytes association with thgse spe(_:|es buF_at a Iower
frequency. The relatively acid sensitive species
(Tables 4.15.4-5) Myriophyllum alterniflorumis limited to two

locations close to stream inflows. According to

Liyn Llagi is characterised by an aquaticSurvey maps, the cover of the acidophilous
macroflora typical of moderately acid lakes. ThéPeciesluncus bulbosusar. fluitans which was

submerged flora is dominated by the isoetidot recorded until 1989, has since gradually
specieslobelia dortmannain the shallows, and increased in several littoral areas. This is
Isoetes lacustriswhich forms a dense sward inSUrprising, given the gradual amelioration in

lacustris plants support a thick bloom of further attention.Callitriche hamulata which

filamentous algaeLittorella uniflora occurs in Was recorded at the site by Wade in 1980 (Wade
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1980), has not been seen over the monitoring
period. With the exception of the increase in
J.bulbosuwar. fluitansthere is no other evidence

of floristic change over the decade and “sample
year” is insignificant as a linear variable

according to RDA and restricted permutation
test.

B Summary

Llyn Llagi has an intermediate pH, alkalinity and
XSO, concentrationand a relatively low NQ
concentration Linear regression shows pH to
have increased over the decade although there is
no accompanying downward trend in acid anion
concentration. Pronounced cyclical variations
have been observed in marine ion concentrations
which could account for cyclical change in Ca,
and climatic effects may also have influenced the
pH trend. However, changes in the relative
abundance of diatom species, both in epilithon
and sediment trap samples appear to follow the
apparent “recovery” trend identified in the
uppermost layers of a sediment core taken in
1990. These provide strong evidence that long
term chemical and biological recovery from
acidification is underway. Improvements have
also been observed in the macroinvertebrate
community. It is therefore possible that the last
decade of data for Llyn Llagi demonstrate the
effects of climatic variation superimposed on a
longer term recovery trend. It is essential that
monitoring is maintained at this site, first to
determine whether recent chemical and
biological improvements are sustained, and
second, to see whether this apparent response at
a low trophic level will eventually be
accompanied by improvements further up the
food chain.
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Figure 4.15.3
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Figure 4.15.5

Llyn Llagi:

summary of fish

data (1988 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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Figure 4.15.5

Llyn Llagi:
summary of fish
data (1989 - 1997)
(c) Trout length
frequency
summaries
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Llyn Cwm MynachChapter Four

4.16 Llyn
Cwm Mynach

m Site Review

The catchment of Llyn Cym Mynach, in the(
Rhinog mountains of north Wales, includes \ &
Y

substantial proportion of mature forest. Accordin = ™ S 7 e
to diatom based pH reconstruction, using RN -7
sediment core taken in 1990, Llyn Cwm Mynac Forest

has undergone relatively recent acidification, wit /) mature forest

pH declining from 5.8 at the turn of the century t  contousinmeves
5.4 by the onset of the monitoring period. Over tt ¢

past four years some thinning of the forest has be

carried out but the overall land cover has remain
unchanged. The main lake basin has been affec Figure 4161
by the blue-green alg®lectonemawhich has

young plantation

"| sparse forest

blanketed large areas and out-competed submer Hi’/za(é‘#m
vascular aquatic macrophytes. As a result, t catchmént
littoral strand-line has become increasingly choke
Table 4.16.1 Table 4.16.2
Llyn Cwm Mynach: site characteristics Llyn Cwm Mynach: summary of chemical
Grid reference SH 678238 determinands, July 1988 - March 1998
Lake altitude 285m
Maximum depth 11.0 m Determinand Mean Max Min
Mean depth 09m pH 5.37 6.30 4.70
Volume 5x 104 m3 Alkalinity peq I 4.6 344 -210
Lake area 59 ha Ca peq I 700 1280 215
Catchment area (excl. lake) 1525 ha Mg peq It 633  100.0 333
Catchment: lake area ratio 259 Na peq Il 2683 4043 1739
Catchment Geology Cambrian sedimentary K peq I 5.6 9.7 2.6
Catchment Soils blanket peats, acid SO, peg 1 86.0 1542 58.3
rankers XSO, peq I 542 1104 329
Catchment vegetation conifers 55%, NO4 peq I 10.0 30.7 21
moorland 45% Cl peq It 3042 5183 1437
Net relief 395 m Soluble Al pg It 1173 3780 50
Mean annual rainfall 2197 mm Labile Al pg I 652 2910 <25
1996 deposition Non-labile Al pg I 523 1580 <25
Total S 19 kg hal yrl DOC mg |1 2.6 10.7 <01
non-marine S 14 kg hal yrl Conductivity —pS cm1 46.0 720 240
Oxidised N 7 kg hal yrl
Reduced N 13 kg hal yrl
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by dead vegetation and the availability ofmid-1990s, and subsequently to have declined
macroinvertebrate littoral habitats may have beeffFigure 4.16.2d). An increasing trend is

affected. identified by both regression and SKT for non-
] labile Al, which is consistent with increases
m \Water ChemIStry observed elsewhere, although it is not matched
by a rising trend in DOC. The LOESS curve for

(Figure 4.16.2, Tables 4.16.2-3) DOC (Figure 4.16.2l) does suggest a small

increase over the decade, but this is masked to

This is a moderately acidic site, with a mean pF°M€ extent by a very high' and possibly
and alkalinity of 5.37 and fieq I respectively. 2nomalous, DOC value early in the record.
Alkalinity frequently becomes negative during el .
winter, and soluble Al concentrations are. Epllltth dlatoms
relatively high (mean 11@dg I1, maximum 348
pg 1), with the labile fraction on average (Figure 4.16.3,Table 4.16.4)
slightly exceeding the non-labile fraction. Mean
XSOy is 54 peq I, significantly higher than at Epilithic diatom species representation has been
Llyn Llagi in the same region, and this possiblyrelatively stable at Llyn Cwm Mynach compared
results from the enhancement of deposition bfo other sites in the Network. However, subtle
forestry. Despite these differences the acidity ashifts in the proportions of some species have
the two sites is very similar, since Caoccurred and a time trend is significant at the
concentrations are also higher at Cwm MynactQ.01 level according to RDA and associated
implying that this catchment has a greater baggermutation test. The clearest changes have been
cation weathering supply. NOconcentrations a decline inEunotia incisapH optima 5.1) from
are low, with a mean of 1Qeq I, although maximum abundances in the early 1990s, and
concentrations are higher during the acidiincreases inNavicula leptostriata(pH optima
winter period. 5.1), N. tenuicephala(pH optima 5.3) and
Brachysira vitrea (pH optima 5.9). These
As at Llyn Llagi, this site exhibits few clear changes are indicative of a small increase in pH
trends over the last ten years (Table 4.16.3). Tta this site and although not strongly supported
most notable feature of the time series (Figurby water chemistry data, there is evidence for a
4.16.2) is again a very strong cyclical variation irgeneral increase in pH since 1993. Diatom
Cl, Na and perhaps also Ca. An apparennferred pH (derived from weighted averaging)
decrease in Cl identified by regression analysis ifustrates the gradual shift to species with higher
certainly a consequence of this variation. NonpH optima (Figure 7.3a).
marine SQ appears to have risen to a peak in the

Table 4.16.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Cl peq I -10.1*

Na peq I -7.0*

Ca peq I -2.45% -

Non-labile Al pg I +4.77* +5.25**

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Table 4.16.4

Llyn Cwm Mynach: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A RDA/\,RDA X RDA/\PCA
of squares of Taxa diversity

Epilithic diatoms 418 123 101 0.68 0.53
Macrophytes 43 28 17.7 1.02 0.74
Invertebrates 832 40 25 0.86 0.55
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 55.2 44.8 130 <0.01 <0.01
Macrophytes * * 32.2 0.03 0.07
Invertebrates 57.1 429 121 <0.01 <0.01

B MacrOinvertebrateS (Loch Grannoch and Lochnagar), there is
evidence for a recent increase in acidity, but
(Figure 4.16.4, Table 4.16.4) similar chemical change has not been
experienced here. However, parts of the littoral

Llyn Cwm Mynach has a relatively species poorZone of Llyn Cwm Mynach have become

fauna dominated by acid tolerant mayﬂieéjrogressively inundated with decaying plant
(Leptophlebiidae) and chironomids. Mmatter (see aquatic macrophyte section). These

Leptophlebid numbers have declined over thglterations in littoral habitat and, possibly, food
monitoring period, while chironomid numbersSUPPlY. could account for some of the observed

appear to have increased. The stonefl§hanges'
community, which is composed of acid tolerani F|Sh
detritivores Nemoura spp.), has become

impoverished in recent years. Of the caddisflie:iFigure 4.16.5)
Plectrocnemiaspp. andPolycentropuspp. were

both numerous in the first half of the survey butrhe outflow stream from Llyn Cwm Mynach has
declined after 1993.Holocentropus spp. peen electrofished since 1989. Mean trout
appeared in 1995. Other characteristic specigensities are the fifth highest found in the
include several CoriXidS, of Whi&gara scottis Network_ Mean popu'ation |eve|s Of+arout

the most numerous, and the relatively acigeclined between 1989 to 1994, peaked in 1995
tolerant alderflySialis lutaria, which was most gnd 1996 and were again reduced in 1997 when
abundant in 1997. Time as a linear trend ifecruitment was the lowest observed in the nine
significant at the 0.01 level using RDA andyears of monitoring. Densities of »@roup have
associated permutation test. The time trenghown a general increase since 1990. Due to
appears to be driven by the decrease iroblems with weighing fish in 1989 and 1993
Leptophlebid mayflies and disappearance Ghsufficient data are available for condition factor
some other acid tolerant species. These specigénd analysis. Mean condition factor of both age
however have not been replaced by acid sensitiyRoups was highly variable in the early years of

ones and it should be noted that this site is one gfonitoring but has remained relatively constant
only three in the Network where species richnesgy the past three years.

has declined over the decade. At the other two
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Table 4.16.5

Llyn Cwm Mynach: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 97

INDICATOR SPECIES

Nitella flexilist 1 0 0 0 0 0 0 0
Myriophyllum alterniflorum? 3 3 3 3 3 3 2 2
Utricularia sp.2 3 3 4 4 4 4 4 4
Plectonema sp. 4 2 2 3 3 3 4 4 4
Drepanocladus fluitans4 0 1 0 0 0 0 0 1
Sphagnum auriculatum4 2 3 3 3 3 3 3 3
Juncus bulbosus var. fluitans# 5 5 5 5 5 5 4 4
OTHER SUBMERGED SPECIES

Batrachospermum sp. 1 1 2 3 3 3 3 2
Filamentous green algae 3 4 4 4 4 3 4 2
Amblystegium sp. 1 0 0 0 0 0 0 0
Fontinalis sp. 1 0 0 0 0 0 0 0
Marsupella emarginata 1 0 0 0 0 0 0 0
Nardia compressa 0 0 0 0 0 2 1 0
Scapania undulata 0 0 0 0 0 1 0
Littorella uniflora 2 2 2 2 2 2 2 2
Lobelia dortmanna 2 2 3 3 3 3 2 2
Nuphar lutea 3 3 3 3 3 2 3 2
Nymphaea alba 3 3 3 3 3 2 3 2
Glyceria fluitans 1 1 1 1 1 0 0 1
Potamogeton berchtoldii 1 1 0 0 0 0 0 1
Potamogeton natans 2 2 2 2 2 3 2 2
Potamogeton polygonifolius 1 2 2 2 2 1 1 1
EMERGENT SPECIES

Equisetum fluviatile 4 4 4 4 4 4 4 4
Hydrocotyle vulgaris 1 1 2 2 2 2 2 2
Menyanthes trifoliata 2 2 2 2 2 2 2 2
Ranunculus flammula 2 2 2 2 2 2 2 2
Carex rostrata 2 2 3 3 3 3 3 3
Eleocharis palustris 1 1 1 1 1 0 1 1
Juncus effusus 2 2 4 4 4 4 4 4
Juncus acutifloris/articulatus 3 3 3 3 3 3 3 3
Scirpus lacustris ssp. lacustris 1 1 1 1 1 1 1 1

TOTAL NUMBER OF SPECIES 28 25 23 23 23 22 24 23
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B Aquatic macrophytes

(Tables 4.16.4-5)

macrophyte cover has been reduced as a result of
an increase in a mat forming blue-green alga, and
the subsequent increase in dead plant material
along the shoreline may have influenced the

The oligotrophic macrophyte flora of the mainhabit_at and food supply of macroinvertebrate
basin of Llyn Cwm Mynach has been affected byP€CIES.

the increase in the cover of the mat forming blue-
green algaPlectonemasp., described in the site
review, although no species seems to have been
lost completely as a result. The development of
blue-green algal mats in acidifying lakes has
been described for Scandinavia and the United
States (e.g. Hendrey & Vertucci, 1980) but there
is no evidence for this in other UKAWMN lakes,
and the reasons for its recent expansion in Llyn
Cwm Mynach are not understood. Plants which
grow in deeper water locations, suchJascus
bulbosus var. fluitans and Myriophyllum
alterniflorum appear to have been directly out-
competed by the alga, while the littoral habitat of
L. dortmannéhas been reduced as a result of the
accumulation of decaying plant material (mainly
composed of]. bulbosuy originating from the
deeper water. A small specimen of the acid
sensitive charophyteNitella flexilis was
recovered from the site in the first year of
monitoring but this species has not been recorded
since, and this suggests that the lake was still in
the process of acidifying around the onset of
monitoring in 1988.Potamogeton berchtoldii
which was considered to have been lost after the
first five years, has more recently been recorded
again. There is no evidence of floristic changes in
the shallow basin which leads to the outflow and
overall RDA shows “sample year” to be
insignificant as a linear variable in explaining
changes in the DAFOR abundance data.

B Summary

Llyn Cwm Mynach is a moderately acidic site, at
which likely enhancement of acid deposition by
forestry (Section 5.5) is partly ameliorated by a
relatively high internal base cation supply. Few
clear changes in lake chemistry have taken place
during the last ten years. Fluctuations in marine
ion concentrations have been the major cause of
chemical variation. This is possibly the main
influence on the linear change in the epilithic
diatom community which is indicative of
gradually improving pH. Vascular aquatic
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Figure 4.16.3
Llyn Cwm Mynach:
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4.17 Afon Hafren

m Site Review

The hydrology and ecology of the Afon Hafren,
headwater of the River Severn at Plynlimon, hi
received considerable scientific attention since tl
early 1980s due to its inclusion in Plynlimor
catchment studies (e.g. Neetl al. 1997, Gee &

Smith, 1997). Over the course of the last deca
the coniferous forest within the catchment has be
thinned, but clear-felling, which is now underway
had not been instigated within the period ¢
analysis covered by this report.

m Water Chemistry

(Figure 4.17.2, Tables 4.17.2-3)

The Afon Hafren has a mean pH of 5.37 and
mean alkalinity of Gueq . Mean xSQ(60 peq
I-1) is high for the region, probably due to fores

Table 4.17.1

Afon Hafren: site characteristics

Grid reference SH 844876
Catchment area 358 ha
Minimum Catchment altitude 355 m
Maximum Catchment altitude 690 m

Ordovician and silurian
sedimentary

Podsols and organic
peats

conifers 50%,
moorland 50%

2468 mm

Catchment Geology
Catchment Soils
Catchment vegetation

Mean annual rainfall
1996 deposition

Total S 30 kg hat yrt
non-marine S 20 kg hal yri
Oxidised N 10 kg hal yrl
Reduced N 17 kg hal yrt

Afon Hafren Chapter

Four
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Figure 4.17.1

Afon Hafren:
catchment

Table 4.17.2

Afon Hafren: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min
pH 5.37 6.60 431
Alkalinity peq I 6.0 756 420
Ca peq It 450 1025 7.0
Mg peq It 65.8 917 417
Na peq It 1917 3043 1348
K peq I 59 154 2.6
SO, peq I 819 1396 58.3
XSO, peq I 60.0 1133 35.0
NO, peq It 20.7 62.9 <14
Cl peq Il 2093 3493 1521
Soluble Al pug it 1725  550.0 5.0
Labile Al pg I 99.1 3720 <25
Non-labile Al pg I 747 2450 <25
DOC mg I-1 1.9 8.1 <0.1
Conductivity pScml 381 1120 20.0
[ |
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deposition enhancement, and N@ncentrations NOz;. However, DOC was found to have
(mean 21ueq ) are also the highest among thencreased by an estimated 0.7 migVer the ten
Welsh UKAWMN sites. The site has a lowyears, which is extremely close to the value
buffering capacity, with a mean Ca concentratioobtained in the present analysis. Longer term
of 45 peq 1, and experiences severe episodidata for the Hafren are discussed in Chapter 6.
acidification with recorded pH and alkalinity

minima of 4.31 and -4peq H respectively. [ | EplllthIC diatoms

Significant declining trends are observed USingFigure 4.17.3, Table 4.17.4)
linear regression, for Cl, Na, Mg and Ca (Table ’

4._17.3). However, inspection of time Seriesrypically, for stream sites in the Network,
(Figure 4.17.2) suggests that these can all Rg,jjithic diatom species relative abundance
linked to the same marine ion cycles that haV@aries substantially between yeafEunotia

already been described at many other sites. T'%?(igua(pH optima 5.1) is dominant in nearly all
1991 peak appears more subdued than at tt§ﬁmp|es, reflecting the extremely acidic

north Wales lakes, although this is partly due tQonditions of this site. However. in 1990

the large episodic fluctuations superimposed ORchnanthes helvetiozar. minor (pH optima 5.4)
the longer term variation. There are no cleafas more abundant. Since 1990 the relative

trends in pH, alkalinity or N but as at the o4 ency of. exiguahas increased, and recent
north Wales lakes xSOappears t0 have yoars have also seen a small increase in

decreased following a peak in the mid-1990g,q||arig flocculosa(pH optima 5.4). These

(Figure 4.17.2d). A significant upward trend iScp 465 with time are significant at the 0.01 level
identified for DOC using SKT, although this doesaccording to RDA and associated restricted

not appear particularly strong (Figure 4.17.2)pe mtation test. Interesting parallels are
The estimated increase of 0.67 nigler the ten apparent between the diatom flora and its

years is less than at most other sites in thg,qered inter-annual variation at this site and
Network where DOC is rising. that of the Afon Gwy (see section 4.18). Unlike

. ) the majority of stream sites, variation in summer
A previous trend analysis for the Hafren, for theinta| and the associated flow regime does not

period 1983-1993, has been presented by Robsgg, 4y {6 have had a strong influence on species
& Neal (1996). They also found few S'gn'f'camcomposition.

trends, with no clear changes in acidity, %30

Table 4.17.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
Cl peq I -2.93* -

Na peq I -2.87%** -2.91*

Mg peq I -0.58*

Ca peq I -1.05**

DOC mg I +0.07*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Table 4.17.4

Afon Hafren: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number Mean N, A RDA/NRDA M RDA/M,PCA
of squares of Taxa diversity

Epilithic diatoms 154 59 18 1.13 0.62
Macrophytes 18 7 12 051 0.34
Invertebrates 191 270 29 0.26 0.25
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 357 64.3 6.2 <0.01 <0.01

Macrophytes * * 33.0 0.09 <0.01

Invertebrates 451 54.9 77 <0.01 0.09

B MacrOinvertEbrates following recent reports that a small population
of trout were known to be present nearby (Crisp

(Figure 4.17.4, Table 4.17.4) & Beaumont 1996), the electrofishing survey

stretch was changed in 1995 to cover the lower

The macroinvertebrate fauna is characterised l’fynd of this reac_h (Beaumont pers. comm_). Small
acid tolerant detritivorous stoneflies typical Ofnumbers of fish were caught on this and
acid waters. Two species of Stoneﬂy,subsequent surveys. The three years of data

Brachyptera risiandLeuctra inermisdominated available are insufficient for detailed analysis.
the fauna, with Amphinemura sulcicollis :

Siphonoperla torrentiunand Protonemuraspp. u Aquat|C macrophytes
occurring at lower densities. Of the caddisflies
Rhyacophilaspp. andPlectrocnemiaspp. were

present throughout the monitoring period, Wh“qn common with the other most acid streams in
one individual of the genus Polycentropus Wahe Network, the aquatic macrophyte flora of the

recorded n 1993, Only the TOSt acid toleran/&fon Hafren is comprised almost exclusively of
mayfly family, the Leptophlebiidae, have beeqhe ubiquitous and acid tolerant liverwort

found at this site, and then only two individual . : .

. e capania undulatalhe cover of this species has
recorded in 1996. Other characteristic fauna . .
. . . . emained at a consistent level over the decade. In
include the Dipterans, Chironomidae an

N contrast however, cover of filamentous algae has
Simulidae. There are no apparent changes In . . .
) ; . varied markedly between years, and since this is
species abundance and diversity over the : .
Ihcluded in the estimate of the overall cover score

monitoring period and there is no significant tim%r each survey stretch, may have led to bias in

(Tables 4.17.4-5)

trend. the liverwort cover estimate in some years. The
n F|Sh total number of species, most of which have only

ever occured at very low cover, has declined over
(Figure 4.17.5) the monitoring period. These temporal changes

are deemed significant by RDA and associated
No fish were caught in surveys conducted duringérmutation test, but can not be attributed to
the first few years of monitoring. However,changes in water chemistry.
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Table 4.17.5

Afon Hafren: relative abundance of aquatic macrophyte flora (1988 - 1997)

(see Section 3.2.3 for key to indicator values)

Afon Hafren Chapter Four

Abundance Taxon Year 88 89 90 91 92 93 95 9% 97
INDICATOR SPECIES

Nardia compressa3 00 <01 <01 <01 00 <01 00 00 00
OTHER SUBMERGED SPECIES

Atrichum sp. <01 00 0.0 00 00 00 00 00 00
Filamentous green algae 03 367 <01 <01 03 <01 04 69 14
Juncus bulbosus var. fluitans <01 <01 <01 <01 00 00 <01 00 00
Juncus effusus <01 <01 <01 00 00 <01 00 <01 <01
Polytrichum commune <01 <01 <01 <01 <01 <01 <01 <01 <01
Racomitrium aciculare <01 <01 <01 <01 <01 <01 00 <01 00
Ranunculus omiophyllus <01 <01 <01 01 00 0.0 0.0 00 00
Scapania undulata 31 128 35 25 27 32 30 27 15
total macrophyte cover

excluding filamentous algae 31 128 35 25 27 32 30 27 15
TOTAL NUMBER OF SPECIES 8 8 8 7 4 6 4 5 4

B Summary

The Afon Hafren is a moderately acidic site,
which has seemingly been adversely affected by
forestry (Section 5.5). Variations in marine ions
match those observed at other sites, but apart
from this stream chemistry has exhibited few
significant changes over the last decade. There
have been few changes in water chemistry apart
from a possible increase in DOC. Linear changes
in the composition of the epilithic diatom flora
and the reduction in rare macrophyte species are
difficult to explain at this stage, while the macro-
invertebrate assemblage remains fairly stable,
although in an impoverished state. Trout density
is low, but since the survey stretch has only
recently been moved it is not possible to
comment on trends.
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Figure 4.17.4

Afon Hafren:

Afon Hafren Chapter Four
summary of

macroinvertebrate
data (1988 - 1998)
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individual samples
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Afon Hafren

Figure 4.17.5

Afon Hafren:

summary of fish

data (1995 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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4.18 Afon Gwy

m Site Review

Monitoring of the moorland Afon Gwy within the
UKAWMN only began in 1991, although like the
neighbouring site, the Afon Hafren, longe
chemical time series records exist due to i
inclusion in the Plylimon catchment studies whic
commenced in 1983 (Section 6.5). In clos
proximity to the Afon Hafren, these two site!
provide an excellent forested/control pair (Sectic
5.5). There is no evidence of disturbance within ti
catchment of the Afon Gwy since the onset «
monitoring.

m Water Chemistry

(Figure 4.18.2, Tables 4.18.2-3)

The Afon Gwy is less acidic than the adjacel
forested catchment, the Afon Hafren, with a me:
pH of 5.55 and a mean alkalinity of j&q .

Table 4.18.1

Afon Gwy: site characteristics

Grid reference SN 842854
Catchment area 389 ha
Minimum Catchment altitude 440 m
Maximum Catchment altitude 730 m

Catchment Geology lower palaeozoic
sedimentary

peats, peaty podsols
moorland 100%

2599 mm

Catchment Soils
Catchment vegetation
Mean annual rainfall
1996 deposition
Total S 30 kg hal yri

non-marine S 20 kg hat yrt
Oxidised N 10 kg hal yrl
Reduced N 17 kg hal yrl

Afon Gwy Chapter Four

e ——— e ——

Contours in metres N /

0 1km | P
.

Figure 4.18.1

Afon Gwy:
catchment

Table 4.18.2

Afon Gwy: summary of chemical
determinands, July 1988 - March 1998

Determinand Mean Max Min
pH 555 6.40 4.50
Alkalinity peq 't 118 654 -22.6
Ca peq 't 395 63.5 85
Mg peq It 54.2 917 250
Na peq 1 1461 2391 1130
K peq I 4.6 16.2 2.6
SO, peq It 644  106.3 375
XSO, peq It 477 90.0 229
NO; peq it 10.7 714 <14
Cl peq Il 1586 3380 104.2
Soluble Al pg It 1122  336.0 5.0
Labile Al pg 11 56.2 2490 <25
Non-labile Al pg I 571 1700 <25
DOC mg I 212 6.30 <0.10

Conductivity —pScml 275 44.0 16.0
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Although internal base cation supply appears twend during the seven years of monitoring,
be similar, xSQ is significantly lower, with a concentrations appear to have declined sharply
mean of 481eq 1. NO; concentrations are also since 1996. Additional monitoring will be
lower (mean 1}ueq 1) and fall below detection required to establish whether this is part of a
limits during summer. Acidic episodes aresustained, deposition-driven decrease.
observed during winter high flows, with
alkalinity frequently falling below zero and pH Trends in data collected at the Afon Gwy
below 5.0. Aluminium levels are moderate (meabetween 1980 and 1996 were analysed by
112 pg 1) and divided approximately equally Reynoldset al.(1997). Using SKT they observed
between labile and non-labile fractions. a decline in SEby an estimated 0.3eq I yr-1,

and a rise in pH by 0.025 pH unitslyrThese
The Afon Gwy was not included in the trends are consistent with recovery at the site, but
UKAWMN until April 1991, and trend analyses accompanying time series indicate that most of
at this site are therefore of limited value. Thehe overall change took place prior to the onset of
rising pH trend identified by regression (Tableyk AWMN sampling in 1991. A rising trend in
4.18.3) could be spurious, since it is NOPOC was also observed over the longer time
supported by the LOESS fit to the data (Figur@eriod, with a rate of increase identical to that

4.18.2a), or by changes in any other ions. Thiglentified in the present study. (Section 6.5).
DOC increase (1 mgtlper decade) identified by

SKT must also be treated with caution, althougij Ep|||th|c diatoms

it does appear to have occurred steadily over the

study period (Figure 4.18.2l), and corresponds tEFigure 4.18.3, Table 4.18.4)

that observed at the Afon Hafren and at other

UKAWMN sites. Given the shorter dataset it istpe epilithic diatom flora of the Afon Gwy has
also difficult to assess changes in marine iong;mijar characteristics to that of the Afon Hafren,
but it seems likely that variations are similar toreflecting its similar acidic natureEunotia
those at the Afon Hafren, and this is supported byyjguawas again dominant in nearly all samples.
apparently higher Cl, Na and Ca concentrationgeater diversity is apparent in samples from
at the Gwy in 1991-1992 (Figure 4182f-h) A1993’ 1996 and 1998, whemmabellaria
pulse of very high Cl and Na at the end of thocculosa and Eunotia incisawere relatively
record corresponds to the sea-salt episodg)ndant. Interestingly,T. flocculosa also
identified at Narrator Brook, and this alsoygached higher abundances in the Afon Hafren
appears in the Hafren data (Figure 4.18.2f and h&ssemblages during these years, suggesting that
Unlike at Narrator Brook, however, this largeyqth sites are sensitive to the same environmental
sea-salt input did not generate a major acidigfiuences. Rainfall data from the nearby

episode at either of the Plynlimon streamsgymystyth Meteorological Station suggests that
Finally, although xS®has not shown any overall fjo\ws would have been relatively high and

Table 4.18.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH - +0.05* -
DOC mg I - +0.10*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001



6.5

6.0

pH

5.5

5.0

4.5

1991 1992 1993 1994 1995 1996 1997 1998

(c) Sulphate

Heq It

1991 1992 1993 1994 1995 1996 1997 1998

(e) Nitrate

[ aid

1991 1992 1993 1994 1995 1996 1997 1998

(g) Calcium

1991 1992 1993 1994

(i) Labile Al

1995 1996 1997 1998

250

200

= 150
j=2)

=100

50

0

1991 1992 1993 1994 1995 1996 1997 1998

(k) Total Soluble Al

300
<, 200
=4

100

0

1991 1992 1993 1994 1995 1996 1997 1998

peq It

[
3

Heq I+

mg I

1991

120
100
80
60
40
20

1991

350
300

250
o

200

1991

200

150

1991

1991

1991

(b) Alkalinity

Afon Gwy Chapter Four

1992 1993 1994 1995 1996 1997 1998

(d) Non-marine Sulphate

1992 1993 1994 1995 1996 1997 1998

(f) Chloride

tizase

1992 1993 1994 1995 1996 1997 1998

(h) Sodium

1992 1993 1994

(i) Non-labile Al

1995 1996 1997 1998

1992 1993 1994 1995 1996 1997 1998

() Dissolved Organic Carbon

1992 1993 1994 1995 1996 1997 1998

Figure 4.18.2

Afon Gwy:
summary of major
chemical
determinands
(September 1991 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.18.4

Afon Gwy: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number Mean N, A RDA/\,RDA ) RDA/\PCA
of squares of Taxa diversity

Epilithic diatoms 135 57 4.6 0.45 0.44
Macrophytes 3 4 19 111 0.57
Invertebrates 369 26 39 0.39 0.32
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms * * 120 <0.01 0.12
Macrophytes * * 379 0.13 0.16
Invertebrates 55.7 443 8.8 <0.01 0.04

probably more episodic during the summer oindividual mayflies have been recorded in the
these years and this could account for the inteeight year monitoring period, Ameletus
annual variation, through effects of flow on pHinopinatus Baetis spp. and a member of the
depression. RDA and associated restrictedeptophlebidae. Time as a linear trend was not
permutation test show that “sample year” is nosignificant at the 0.01 level according to RDA
significant at the 0.01 level for this relativelyand associated restricted permutation test.

short time series (1991-1998). Given the possible _,

sensitivity to the flow regime and the timelll Fish

restricted dataset it is not possible to infer signs

of recovery in the Afon Gwy to date. (Figure 4.18.5)

B MacrOinvertebrateS The Afon Gwy has been electrofished since
1991. With only seven years of data available to

(Figure 4.18.4, Table 4.18.4) date there are no significant linear trends in

population or condition factor statistics.
This site is very similar to the Afon Hafren in Population levels of >0fish are generally low,

species composition. Chironomids and adivers%thoggh 199:; and 1h99f? We(;e y_eg_rs Off +900d
community of acid tolerant stoneflies recruitment. The two highest densitities of +>0

characterise the benthic fauna. The predator h (associated with rglqtively low condition
stonefly Siphonoperla torrentiunis the most actors) have occured within the last three years.
abundant, while the detritivoreésuctra inermis Length frequency. graphs glearly S_’hO\,N the
and Amphinemura sulcicollisre also common. sparseness of the fish population at this site.
Leuctra hippopusvas abundant in the early years :

but numbers have declined more recently. Of th! Aquatlc maCrOphytes

caddisflies, Plectrocnemiaspp. was present

throughout the monitoring period with the(Tables 4.18.4-5)

exception of 1997Polycentropuspp. was only

recorded in the last three years &ftyacophila The Afon Gwy survey stretch is dominated by
spp. occurred intermittently in low numbers. Thdwo acid tolerant liverwort speciesscapania
Coleopteran®reodytes sanmarkiand Limnius Undulata and Nardia compressaThe moss
volckmari both appeared after 1995. Only fourRacomitrium aciculareis present in patches



Table 4.18.5

Afon Gwy: relative abundance of aquatic macrophyte flora (1991 - 1998)

(see Section 3.2.3 for key to indicator values)

Afon Gwy Chapter Four

Abundance Taxon Year 91 92 93 95 96 97
INDICATOR SPECIES

Nardia compressa3 54 15 07 <01 07 05
OTHER SUBMERGED SPECIES

Filamentous green algae 104 0.7 98 03 197 20
Polytrichum sp. 10 <01 <01 <01 <01 <01
Racomitrium aciculare 03 <01 <01 <01 <01 02
Scapania undulata 09 17 20 10 58 09
EMERGENT SPECIES

Juncus effusus 0.0 0.0 00 00 00 <01
total macrophyte cover

excluding filamentous algae 7.6 32 27 10 65 16
TOTAL NUMBER OF SPECIES 5 5 5 5 5 6

above the normal water level. There is no
evidence of any trend in species cover since the
onset of monitoring in 1991 and “sample year” is
insignificant as a linear variable according to
RDA and associated restricted permutation test.

B Summary

The Afon Gwy is the least acidic of the Welsh
UKAWMN sites, although differences between
sites are small, and the stream is subject to acid
episodes during high flows. NOand xSQ
concentrations are lower than at the nearby Afon
Hafren, and this is likely to reflect the impact of
forestry at the latter. The two Welsh stream sites
also demonstrate similarities in their aquatic flora
and fauna. Trend analyses for the Gwy are
limited by the absence of data for the first three
years, but there appears to have been an increase
in DOC since 1991. There has been a sharp
decline in xSQ since 1996, but it remains to be
seen whether this represents a sustained recovery
at the site.
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Figure 4.18.5

Afon Gwy:

summary of fish

data (1991 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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4.19 Beagh’s Burn

m Site Review

Beagh’s Burn lies in the Glens of Antrim in nortt
east Northern Ireland. The site was subject to
major storm event during 1991 which redistribute
substrate and sharply reduced the bryophyte co
of the stream bed. Recent work carried out by
local farm, involving improvements to a wall anc
sheep pen, are all beneath the water sample p«
and biological survey stretches. There is r
evidence of any physical disturbance within th
catchment over the survey period.

m Water Chemistry

(Tables 4.19.2-3, Figure 4.19.2)

Beagh’s Burn is not strongly acidic, having a me:
alkalinity of 44 peq . However, the range of

Table 4.19.1

Beagh’s Burn: site characteristics

Grid reference D 173297
Catchment area 303 ha
Minimum Catchment altitude 150 m
Maximum Catchment altitude 397 m
Catchment Geology schists

Catchment Soils
Catchment vegetation

Mean annual rainfall
1996 deposition
Total S

non-marine S
Oxidised N

Reduced N

blanket peats
moorland >99%,
deciduous trees <1%
1608 mm

16 kg hal yrl
13 kg hal yrl

6 kg ha'lyrl
14 kg hal yrl

Contours in metres

Beagh's BurnChapter Four

Table 4.19.2

Beagh’s Burn: summary of chemical
determinands, July 1988 - March 1998

Figure 4.19.1

Beagh’s Burn:
catchment

Determinand Mean Max Min
pH 5.76 7.18 431
Alkalinity peq 't 444 2400 -580
Ca peq It 1025 2185 355
Mg peq It 1117 1833 50.0
Na peq 1 3022 4435 2043
K peq I 105 231 2.6
SO, peqlt 725 275.0 271
XSO, peq It 375 2431 0.0
NO; peq I 36 157 <14
Cl peq Il 3366 6197 1915
Soluble Al pg I 556 106.0 <25
Labile Al pg 11 10.2 60.0 <25
Non-labile Al pg I 459 92.0 <25
DOC mgll 111 300 31
Conductivity —pS cml 594 96.0 39.0
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observed values is high, from —58 to 24 I1.  labile Al obtained using regression can be linked
Mean pH (5.76) is low relative to alkalinity, to a small, possibly anomalous group of high
probably due to high levels of weak organiovalues during 1990-1991, and no changes were
acidity; Beagh'’s Burn has the highest mean DO@bserved in alkalinity, pH, xXSr NO,. LOESS
concentrations in the Network. Na and Clurves suggest some inter-annual variability in
concentrations are also extremely high, wheredéa and CI, but this is small relative to UK
xS0, and NG concentrations are both low mainland sites. The only major change in stream
(means 38ieq I and 4peq I respectively). In  chemistry appears to have been an increase in
general these characteristics resemble those BOC, highly significant using both analytical
the coastal north and central Scotlandnethods, of around 6 mdt lover the decade.
UKAWMN sites, with very high marine ion Most of this increase appears to have occurred
deposition and low pollutant deposition. Beagh'since 1993, with both spring minima and autumn
Burn also has a relatively high Ca concentratiomaxima having risen.
(mean 1021eq 1) and therefore a low sensitivity
to acid deposition. L )

m Epilithic diatoms
A strong correlation between Ca and alkalinity
(R2=0.57, p< 0.0001, Figure 4.19.2b,g) suggesid-igure 4.19.3, Table 4.19.4)
a simple hydrological control on stream acidity,
with low flows dominated by Ca-rich, alkaline The composition of the epilithic diatom
groundwater, and dilution generating acidicassemblage of Beagh's Burn has fluctuated
episodes at high flows. Marine ion inputs alsenarkedly beween years and no species has been
generate some acid episodes through the “seepnsistently dominant. The earlier years are
salt effect”. Both processes can be considerezharacterised by relatively diverse samples,
natural, although neither would be expected tdominated by species with relatively acid
cause negative alkalinity in the absence ofreferences includingEunotia exigua (pH
anthropogenic SPand NQ. However, a small optima 5.1), Gomphonema angustatum
number of S@and NQ, pulses are also observed[agg.]J(pH optima 5.8) and Pinnularia
at this stream, and the January 1996;W€nk in subcapitata var. hilseana (pH optima 5.0).
particular (Figure 4.19.2e) appears to havéchnanthes minutissimgpH optima 6.3) and
caused significant episodic acidification. ASynedra minusculgpH optima 6.0) comprised
concurrent and more pronounced peak observed0% of the assemblage of all samples in 1994
at Coneyglen Burn (Site 22) is discussed imnd 1995 respectively since wherG.
greater detail below. angustatum and P. subcapitatavar. hilseana

have again been abundant. The substantial
Trend analyses for Beagh's Burn show fewlifferences between years in the pH preference
changes in stream chemistry during the lasif the dominant taxa are likely to relate to the
decade (Table 4.19.3). A decreasing trend idarying hydrological regime. Summer rainfall

Table 4.19.3

Significant trends in chemical trends (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
DOC mg I +0.65*** +0.60**
labile Al pg I -0.93*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity Figure 4.19.2

7 200 Beagh’s Burn:
N summary of major
T 6 = 100 H
s 2 chemical
5 0 determinands
(July 1988 -
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997 March 1998)
(c) Sulphate (d) Non-marine Sulphate Smoothed line
300 300 represents LOESS
. ! curve
4 200 L 200 : .
= 5 (Section 3.1.2)
3 3
100 100
0 0
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997
(e) Nitrate (f) Chloride
15 { 600
; 500
< 10 =
§ 5‘ 400
300
5
200
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997
(g) Calcium (h) Sodium
=
ES
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997
(i) Labile Al (i) Non-labile Al
60
80
L 40 . 60
° )
Ed 340
20
20
0 0
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997
(k) Total Soluble Al () Dissolved Organic Carbon
30 :
= 20
j=2]
£
10
o
1989 1991 1993 1995 1997 1989 1991 1993 1995 1997

m 231



Chapter Four

Beagh's Burn

232m

Table 4.19.4

Beagh’s Burn: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1988 - 1998)

Total sum Number Mean N, A RDA/\,RDA ) RDA/\PCA
of squares of Taxa diversity

Epilithic diatoms 530 87 4.4 0.46 0.46
Macrophytes 9 5 17 0.26 021
Invertebrates 449 28 2.7 043 041
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 252 74.8 123 <0.01 0.07
Macrophytes * * 195 0.25 0.50
Invertebrates 517 48.3 8.6 <0.01 0.02

(June-August) was particularly low in 1994 ancksiltalai and Hydropsyche pellucidu)ahave been
1995 at the nearby Ballypatrick Meteorologicakecorded, with highest densities occurring after
station and this is likely to have resulted in fewel994. 1991 was the poorest year both in number
and less intense flow related acid episodes. As at species and abundance, while 1995 was the
the majority of UKAWMN stream sites, diatom richest. While acid tolerant stoneflies have been
inferred pH, using weighted averaging, ispresent throughout the monitoring period, some
significantly and inversely correlated with totalspecies which are intolerant of very acid
June-July rainfall (Section 7.4.1). RDA andconditions have only been recorded in more
associated restricted permutation test shows thacent years, during which time minimum
a time trend is insignificant at the 0.01 level.  species richness has also increased (see Figure
7.11b). Despite this, time as a linear trend is not

m Macroinvertebrates significant at the 0.01 level according to RDA

and associated permutation test.

m Fish

The  macroinvertebrate  community is
characterised by very large numbers ofFigure 4.19.5)

Simuliidae, which in some years make up to 80%

of the total species composition. Acid toIerantA‘ full ten years of giata.a.lre avalllable fo(; geaghs
stoneflies form the largest part of the remainin&um'_ Mean _trout enslltles aredpw a?] + trout
benthic composition. Siphonoperla torrentium recruitment is extremely sporadic with presence

dominated most years and was accompanied ply recorded i_n three ygars (1989, 1930 and
Leuctra inermis Protonemura  spp., 1 97_). Population _densme_s_of >0+ trout a_re
Amphinemura sulcicolliand Brachyptera risi relatively stable, W,'th a mlnlmum recorded in
1998 saw a marked increase in stonefl)}ggz__and a maximum in 1996. The mean
abundance. The caddisfli®hyacophilaspp. cond.mon factor of >0+ trout has also remained
and Plectrocnemiaspp. were both common, thereIat|ver stable between years although the

latter species being absent the years 1991_1990991’“ficient of variation of the condition factor has

Several species of the moderately acid :~3ensiti\§<§own wide fluctuations. The lowest condition

family Hydropsychidae (mainlyHydropsyche factor recorded was associated with the highest
coefficient of variation (1988). Length frequency

(Figure 4.19.4, Table 4.19.4)
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Table 4.19.5

Beagh’s Burn: relative abundance of aquatic macrophyte flora (1988 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 88 89 90 91 92 93 95 96 97

SUBMERGED SPECIES

Filamentous green algae 69 59 15 05 <01 <01 <01 <01 <01
Hyocomium armoricum 00 0.0 0.0 00 <01 00 00 01 00
Marsupella emarginata <01 00 00 <01 00 00 00 00 00
Racomitrium aciculare 14 22 01 01 <01 <01 <01 04 <01
Rhytidiadelphus squarrosus 00 0.0 00 <01 00 00 00 00 00
Scapania undulata 112 105 7.6 01 06 <01 08 32 37

total macrophyte cover
excluding filamentous algae 126 127 177 02 06 <01 0.8 37 37

TOTAL NUMBER OF SPECIES 4 3 3 5 4 3 3 4 3

graphs illustrate the sparse population, even i. Summary
the three recruitment years, and the absence of

all medium sized (c.150 mm) fish in 1992. Beagh's Burn is a relatively unimpacted site,

upwind of major emission sources, and is not

u Aquatlc macrophytes severely acidified. The stream does however
experience acidic episodes, driven by dilution of
(Tables 4.19.4-5) weathering-derived Ca during high flows, and by

sea-salt cation exchange processes, and these,
The impoverished aquatic macrophyte flora ofather than mean conditions, appear to determine
Beagh's Burn, which is limited almost entirely totne nature of the aquatic biota. All biological
the acid tolerant liverwortScapania undulata groups demonstrate considerable inter-annual
reflects the more acid characteristics of the Si%riability but there is no evidence of time trends
during high flows, rather than mean conditionsiy species composition. There has not been any
S.undulatais the only species which has beerhhange in major ion composition over the
consistently recorded in fully submergedmoni»[oring period, but DOC levels appear to

locations, although the mosRacomitrium pave risen substantially from an already high
aciculareis present in patches above the norma)zseline.

water level. The cover ofS.undulatawas
substantially reduced in 1991, probably as a
result of a major storm event earlier in the year,
and consequent physical scouring effects. Since
then the abundance of this species has gradually
increased again. Time is insignificant as a linear
variable according to RDA and restricted
permutation test.

m 233



Chapter Four Beagh's Burn

a|dwes yoea ul exe) jo Aouanbaly o,

0Z 14 0z 08 09 or 0z 09 oy 0z 0Z oy 0z 0 08 09 (14 (74 or 0z 0Z 0z 0z (74
(ORI S AU U U U U PR R U U U U P ey ey [T
86 = g = =
= = d — o 4 d d
[ R I R o 0 — S e = = 4
16 o — q = — dq d
d = d = = = = d
I —_ T [ — = I O Y I I P L R R = d
96 — = = d =
— = { = d = d
....... —_— T [
56 = ——e = o
—_— = =
................ 1
6 d dq q = d
o q d —_— q
..................... — R [ — =
€6 g — o — = o d = d
= 4 = q d 4o = d
........................ — q I T T T —A | d 4 d d
26 — d o = d d
— q = — o
......................... — | g T ] e—o =
6 — q = — d
d q d o = — = 4 4 =
A R o Ne— | = [{ d o —
06 dq = = = o — —
= pe— = d o = d 4
e - B e I —_— N [ —
68
d = = — = d 4 = =
88 U N R QUL PR (R NI S U P — NP BN ————— [N DS N ——— PP - RN BN — SN — [ — — o = N g
A B O o e O PP P DB W2y 0 o POP P P PPD DS
N o 4 2 &P PP N & W N F P O o & (¥ & @ o
RN o8 o o D WP (P ROYR R & S N & FF T IO
SAIO M) N O RN SO RS 2> 2 RASS AR ) SR 3 P 2 SN ARG
> ¢ o> & N @ P f I o & & TN @ © P o ORI
s@%,.o% %%. & & ,V%,Moaoo%o ol & oo %oaym%% & S %% %%»%w@% %@%@%o%%
Y " ¥ N OV A\ - . N 3 » ¥ y "o & .
& &K & &K M zmoo & G PR %v/. &L & SR & RANROIN T
4 & 4 -3 Y NN N o O
& oo/@ o o«o ~ & ¥ N o oo//.vw oo//.v«
» W N N » »
/o% 9 o o% o o
) @% & @v &
& »
~~
o © =
= > ©
o ES =532
— & o c (o8
- mf..l. ' .= S m
<+ 5°8 0 O EJ
m >T © Sy c o
D g9 = c 930
R £ —_— c [She c
= L - L OE
S 9EE g 83 & o
o S EE= S S O8RS
= 0 5 0ac oY 3N C
LL 05 oo O&E+ AN ®©

234 m



Beagh’s BurnChapter Four

Figure 4.19.4

Beagh’s Burn:

summary of

macroinvertebrate
data (1988 - 1998)
frequency of taxa in
individual samples
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Figure 4.19.5

Beagh'’s Burn:

summary of fish

data (1988 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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4.20 Bencrom River

m Site Review

The Bencrom River drains into the Silent Valle
Reservoir in the Mourne Mountains of soutl
eastern Northern Ireland. There has been
physical disturbance within the catchment since t
onset of monitoring in 1988.

m Water Chemistry

(Figure 4.20.2, Tables 4.20.2-3)

The Bencrom River is chronically acidic, with ¢
mean alkalinity of —5ueq ! and a mean pH of
5.19. Ca concentrations are low (mearugg ),
whilst Al concentrations are high and dominated t
the labile fraction. The acidity of this stream can t
attributed to high levels of xS@mean 67ueq 1)
and also to the second highest ]Nfdoncentrations
in the UKAWMN (mean 2%eq ). NOsremained
above detection limits throughout the monitorin

Table 4.20.1

Bencrom River: site characteristics

Grid reference 1 304250
Catchment area 216 ha
Minimum Catchment altitude 140 m
Maximum Catchment altitude 700 m
Catchment Geology granite

Catchment Soils
Catchment vegetation
Mean annual rainfall
1996 deposition
Total S

non-marine S
Oxidised N

Reduced N

blanket peat
moorland 100%,
1768 mm

17 kg hal yrl
15 kg hal yrl

7 kg ha'lyrl
14 kg hal yrl

Contours in metres

[
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Table 4.20.2

Bencrom River: summary of chemical
determinands, July 1988 - March 1998

Figure 4.20.1

Bencrom River:
catchment

Determinand Mean Max Min
pH 5.19 6.27 4.38
Alkalinity peqlt 54 370 450
Ca peq 't 525 815 295
Mg peq I 617 1083 333
Na peq Il 2635 3522 1783
K peq 1 11.0 254 51
SO, peqlt 935 1875 521
XSO, peqg 1 66.7 1615 285
NO; peq It 28.6 77.1 57
Cl peq It 2555 3718 1380
Soluble Al pg it 2021 400.0 9.0
Labile Al pg 1 1253  308.0 <25
Non-labile Al pg I 769 2370 25
DOC mg I 41 155 12
Conductivity —pS cml 504 80.0 36.0
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period, with some seasonal cyclicity evident, andaegelii (pH optima 5.0) andBrachysira
peak concentrations exceeded |6 ! during brebissonii (pH optima 5.3). The former was
four separate winter/spring periods. In earlyddominant in most samples and showed a general
1996, NQ exceeded xSgon an equivalent basis increase with time, although the latter was more
in two samples, and was thus the dominant acifrequent in 1990 and 1995.Tabellaria
ifying anion at this time. It appears that NO quadriseptata which has a preference for
pulses, base cation dilution and sea-salt catiguarticularly acid conditions (pH optima 4.9),
exchange all contribute to large episodicommonly comprised over 5% of samples until
alkalinity and pH depressions at this site. 1994, since when it declined. The general
increase inE.naegelii and reduction inT.
Rising trends have been observed at the Bencraquadriseptata is indicative of  slight
River for DOC using SKT and regression, andmprovement in pH in recent years, and this is
for NO; using regression only. (Table 4.20.3).supported by LOESS plots for water chemistry
The increase in NQappears to be the result ofdata. However, as for the majority of UKAWMN
climatically driven fluctuations, with higher con- stream sites, summer rainfall appears to be
centrations at the beginning and end of the recorthportant in influencing species composition,
(Figure 4.20.2¢e). No clear changes have takeand total June-July rainfall for the nearby
place in pH, alkalinity or xS§) but there appears Meteorological Station (Silent Valley) is
to be some cyclicity in Cl, Na and Ca (Figuresnversely related to diatom infered pH using
4.20.2f,h) with 1990-1991 and 1995-1996 peakweighted averaging (Section 7.3.1). “Sample
comparable to those at many UK mainland sitegear” is not significant according to RDA and
However, in contrast to most other sites, thassociated restricted permutation test.
1995-1996 peak was the larger at the Bencrom .
River. The DOC increase, which is highlyl Macroinvertebrates
significant using both methods, appears to have
occurred linearly over the monitoring period(Figure 4.20.4,Table 4.20.4)
(Figure 4.20.21), with the overall change

estimated between 1.4 at 2.1 g | The Bencrom River is the most impoverished
L . stream site of the Network. Species composition
[ Ep|||th|C diatoms has remained relatively persistent through time
although there is high within-year variation due
(Figure 4.20.3, Table 4.20.4) to habitat patchiness. The fauna is dominated by

two detritivorous stonefly speciearaphinemura
The epilithic diatom flora of the Bencrom Riversuicicollis and Leuctra inermiy. Only one

is typical for a permanently very acid stream anthdividual acid sensitiveBaetis spp. was
shows relative stability between years. The bulkecorded in 1990. Other mayfly species,
of the assemblage was representedEbyiotia  Ameletus inopinatusind Siphlonurus lacustris

Table 4.20.3

Significant trends in chemical determinands (July 1988 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
NOs peq |1 +1.00* -
DOC mg I +0.21** +0.14*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(b) Alkalinity

1989 1991 1993 1995 1997
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Figure 4.20.2

Bencrom River:
summary of major
chemical
determinands
(July 1988 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.20.4

Bencrom River: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1988 - 1998)

Total sum Number Mean N, A RDA/\,RDA ) RDA/\PCA
of squares of Taxa diversity

Epilithic diatoms 101 56 31 0.44 0.40
Macrophytes 3 5 11 0.67 0.40
Invertebrates 471 18 39 0.18 0.17
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 44.6 554 9.3 <0.01 0.03
Macrophytes * * 380 0.06 0.23
Invertebrates 67.5 325 41 0.05 0.16

were recorded intermittently in low numbers. Of. Aquatic macrophytes

the caddisfliesPlectrocnemiaspp. was present
in all years apart from 1989 and 1991(Tab|es42045)
Polycentropus spp. appeared in 1997 and

Rhyacophilaspp. has been recorded on ever\s for the other more acid UKAWMN stream
survey since 1993. In common with otheisites, the permanently submerged flora of
UKAWMN stream sites there has been a gradu@encrom River is largely restricted to a single
increase in minimum species richness in Morgerwort species, in this case the acid tolerant,
recent years (Section 7.3.2). However, RDA anf{zrdia compressa The abundance of
associated permutation test show no significaifjiamentous algae and the red alga

linear trend between years. Batrachospermunsp. have varied considerably

N FlSh between years. Time is insignificant as a linear
trend according to RDA and restricted

(Figure 4.20.5) permutation test.

This site has been electrofished since 1988 all Summary
trout densities have remained low. Mean
population density of O+ trout show someThe Bencrom River is severely acidified by a
variation but no linear change over the ten yearsombination of high xS@ and NQ
Population density of >0+ trout seemed to showoncentrations and this is reflected in its
a decline between 1989 to 1995 but in 1996 arithpoverished aquatic biology. N@nakes up a
1997 densities had returned to 1990 levels. Gagsibstantial part of the acid anion total, reaching
in the data for fish weight make interpretation ofevels comparpable to those of xS@uring the
the condition factor data difficult. However therewinter, when biological uptake within the
has been a significant decline in condition factotatchment is minimal. The significant upward
of the >0+ fish (p=<0.05 df = 6) over the tentrend identified for NQ probably reflects
years indicative of a general worsening oflifferences in climate between the beginning and
conditions. No trend is apparent in the conditioend of the monitoring period. Marine ions and
factor of the 0+ population. NO; have both exhibited inter-annual variability
during the monitoring period, but the only overall



Table 4.20.5

Bencrom River: relative abundance of aquatic macrophyte flora (1988 - 1997)

(see Section 3.2.3 for key to indicator values)

Bencrom RiverChapter Four

Abundance Taxon Year 88 89 90 91 92 93 95 9% 97
INDICATOR SPECIES

Nardia compressa3 22 62 106 86 37 25 29 13 13
OTHER SUBMERGED SPECIES

Batrachospermum sp. 00 00 <01 <01 <01 05 0.0 00 <01
Filamentous green algae 78 97 3.0 39 31 22 301 14 17
Juncus bulbosus var. fluitans 00 00 <01 <01 00 00 <01 00 00
Pellia sp. 00 <01 <01 00 00 00 00 00 00
Scapania undulata 00 01 <01 <01 00 <01 00 00 00
total macrophyte cover

excluding filamentous algae 22 63 106 86 37 25 29 13 13
TOTAL NUMBER OF SPECIES 2 4 6 5 3 4 3 2 3

change during this time appears to have been an
increase in DOC. Variation between years in the
epilithic diatom and macroinvertebrate
communities appear to be strongly influenced by
flow conditions, and no linear trends were
detected in the biological datasets.
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Figure 4.20.3

Bencrom River:
summary of
epilithic diatom
data (1988 - 1998)

Percentage
frequency of all
taxa occurring at
>2% abundance in
any one sample
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Figure 4.20.4
Bencrom River:

summary of
macroinvertebrate

data (1988 - 1998)
frequency of taxa in
individual samples

Percentage
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Figure 4.20.5

Bencrom River:

summary of fish

data (1988 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)

no. inds.100 m-2

cv (histogram)

cv (histogram)
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4.21 Blue Lough

1
Pid |
/// |
i i I
m Site Review e %
\
7
Blue Lough lies in a col between the Silent Valle // ‘\
and the Annalong Valley in the Mourne Mountain | 550 \
southeastern Northern Ireland. Diatom based '\ \\
reconstruction of a sediment core taken in 19! \ |
suggest that the Lough has been acidic since ‘\ %0 ;
least the mid-nineteenth century (represented \ 1
the base of the core), but has acidified still furth \\ 350 ,'
(i.e. pH 4.8 to 4.4) over the last one hundred yes AN Blue I
(Patricket al. 1995). There is no evidence of lan SN \foudh "
use change or any physical disruption within tr \\\\ 1
catchment since the onset of monitoring in 1989 ‘\\ }
. Contours in metres -
m Water Chemistry 0

(Figure 4.21.2, Tables 4.21.2-3)

Blue Lough is located just 2.3 km from the Flgure 4211
Bencrom River, and despite differences i Blue Lough:
catchment characteristics the two have remarkal catchment

Table 4.21.1 Table 4.21.2

Blue Lough: site characteristics Blue Lough: summary of chemical
determinands, July 1990 - March 1998

Grid reference ] 327252
Lake altitude 340 m Determinand Mean Max Min
Maximum depth 50m pH 4.69 511 451
M?an depth 1;17 ”; Akalinity ~ peqlt -228  -40  -33.0
:-/olfme 3.6 x lzolf: Ca peqll 400 980 165
ake area 1 ha
M eq 't 600 91.7 333
Catchment area (excl. lake) 479 ha Ng Eeg 1 2570 3696 1217
Catchment: lake area ratio 199 K peq 1 12.8 25.4 7.7
Catchment Geology granite o) peq It 94l8 118'8 35l4
Catchment Soils blanket peats XSS peq I 66‘3 87.3 19.4
. 0 4 ' ' '
(l:‘laettcm::t vegetation moorland ;ggf] NO, ueg i 286 729 100
) Cl peq 't 2758 4000 1521
Ylean Znnuél_fa'”fa” 1629 mm Soluble Al pglt 3772 5200 2800
99|6 eposition 17 ka had v Labile Al ug It 2869 4700 720
Total S ‘ e kg halyrl Nonlabile Al gt 902 3940 180
non-marine g hal yr- )
DOC mglt 35 6.8 14
- -1 yr-1
gx!jdlsej E 12 tg Eal yfl Conductivity pScm? 559 730 360
educe g hal yr
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similar chemistry. Mean xSand NQ values at including NG, Cl, Na, Ca, labile and total Al.
Blue Lough (66 meq-1 and 29 meq -} These variations appear to coincide with those at
respectively) are virtually identical to those athe Bencrom River, with peaks in 1995-1996 and
Bencrom, and marine ion concentrations are alqgerhaps also 1990-1991. Similar climatic
very similar. Blue Lough is more acidic, controls are therefore likely. The only
however, with a mean alkalinity of —2q t1, a determinand exhibiting a clear and apparently
mean pH of 4.69, and the highest mean labile Ainear rising trend, as at the other Northern
concentrations in the Network. It appears thdteland sites, is DOC.

these more severe conditions can be attributed to . .

differences in Ca concentrations, which are orfll Ep|||th|C diatoms

average 13ueq f! lower at Blue Lough. This

may reflect the Lough’s higher elevation (340 nfFigure 4.21.3, Table 4.21.4)

compared to 140 m at the Bencrom River

sampling point), with thinner, high-altitude soils "€ dominance ofabellaria quadriseptatgpH

and perhaps less weatherable geology generatifigtima 4.9) in the epilithon of Blue Lough
a smaller internal supply of base cations. emphasises the extremely acidic nature of the

site. However, there is evidence of an increase in
Monitoring of Blue Lough only began in 1990,the representation of species with higher pH
and the data are therefore of limited value fo@ptima, including Frustulia rhomboidesvar.
trend determination. Regression analyses suggéstxonica (pH optima 5.2) andBrachysira
that pH and alkalinity have risen over the eighbrebissonii(pH optima 5.3) since 1993, while
years of monitoring, although time seriesNavicula hoefler{pH optima 4.9) has decreased,
(Figures 4.21.2a,b) show that much of thigind “sample year” is significant as a linear trend
increase may result from two unusually higheccording to RDA and associated restricted
values in 1997. Neither trend is identified usingpermutation test. These changes point to a recent
SKT. No accompanying trends are observed iicrease in pH and alkalinity and are consistent
SO, or xSQ, but visual inspection of the LOESSwith evidence from LOESS plots for pH and
curve for xSQ (Figure 4.21.2d) suggests thatalkalinity. As these changes are accompanied by
concentrations have been falling fairly steadilya long term reduction in xSQit is possible that
since 1992. This is consistent with data from théhey represent early stages of biological
nearby Hillsborough Forest depositionrecovery in response to reducing acid deposition.
monitoring site (Campbelet al. 1998), which However, given the strong cyclicity in marine
shows a steady decline in wet deposited xSa@ons, further years of monitoring are required to
since the beginning of the decade. A number oferify whether this trend of improvement is
determinands show evidence of cyclicaBustainable. The diatom assemblage of sediment
concentration changes over the study periodfap samples collected since 1992 do not show

Table 4.21.3

Significant trends in chemical determinands ( July 1990 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
pH - +0.018*

Alkalinity peq I +1.18** -

DOC mg I +0.18* +0.19*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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Figure 4.21.2

Blue Lough:
summary of major
chemical
determinands
(July 1990 -
March 1998)

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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Table 4.21.4

Blue Lough: trend statistics for epilithic diatom, macrophyte and macroinvertebrate
summary data (1990 - 1998)

Total sum Number Mean N, A RDA/NRDA M RDA/M,PCA
of squares of Taxa diversity

Epilithic diatoms 192 87 37 0.53 0.50
Macrophytes 6 11 6.4 041 0.34
Invertebrates 813 17 2.4 0.68 0.52
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 525 475 108 <0.01 <0.01
Macrophytes * * 14.7 0.55 051
Invertebrates 47.2 52.8 14.4 <0.01 <0.01
such clear trends with time (Figure 4.21.6). cannot be attributed to changes in water

chemistry.

m Fish

(Figure 4.21.5)

m Macroinvertebrates

(Figure 4.21.4, Table 4.21.4)

The impoverished fauna of Blue Lough is typical , .
pnly three fish have been caught in the outflow

of an acid lake. Only the most acid toleran ) ) .
mayfly family, the Leptophlebiidae are of Blue Lough in the period monitored (1990-
1997). It is not possible to ascertain the

represented. Acid tolerant  caddisflies ] )
Plectrocnemiaspp. and Polycentropus spp. population status or any pattern in the data from

occurred in most years and the latter ha@ese results. However, fears that the population

increased in abundance over the last three yeaP&d become extinct have been countered by the

The remaining benthos is composed of severBf €S€nce of one f'slh m. ;he S'ti In h199'7.
species of Corixidae and water beetles, mainlp|ABSCORE HQS values indicate that the site

Arctocorisa germatiCallicorixa wollostoniand C_OUId potentially carry a reasonable density of

Potamonectes griseostriatusThe Corixid fish.

Glaenocorisa propinquavas very abundant in :

1997. Only one individual stonefly.euctra u Aquatlc macrophytes

hippopuswas recorded in 1994. There is a high

turnover of species at this site, mainly driven by Tables 4.21.4-5)

the highly mobile Corixidae and water beetles, . _

Wh|Ch are aquatic both as adu'ts and nymphglue Lough IS Characte“sed byasma” numbel’ Of
“Samp|e year", as a linear Variab'e, accounts f(ﬁCId tolerant SpeCie$OeteS lacustrislominates
14% of the variance in the macroinvertebratéhe deeper water habitats, where the acidophilous
data according to RDA and is significant at thénoss Sphagnum auriculatunis also common.
0.01 level using the restricted permutation testobelia dortmannaand Juncus bulbosusar.
Despite recent small improvements in pH anduitansare the most abundant vascular species in
a|ka|inity, the Change in Species Compositioﬁhallow water, OCCUI’ing in association with a
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Table 4.21.5

Blue Lough: relative abundance of aquatic macrophyte flora (1989 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 89 90 91 92 93 95 97

INDICATOR SPECIES

Sphagnum auriculatum4 3 3 3 3 3 3 3
Juncus bulbosus var. fluitans#
OTHER SUBMERGED SPECIES

N
N
N
N
N
N
N

Batrachospermum sp. 1 1 1 1 1 0 1
Filamentous green algae 3 3 2 3 3 2 2
Cephalozia bicuspidata 0 1 1 1 1 1 1
Cladopodiella fluitans 1 0 0 0 0 0 0
Diplophyllum albicans 0 1 0 0 0 0 0
Jungermannia/Nardia sp. 2 2 2 2 2 2 2
Isoetes lacustris 4 4 4 4 4 4 4
Littorella uniflora 0 0 0 1 1 0 0
Lobelia dortmanna 3 3 3 3 3 3 3
Sparganium angustifolium 0 1 1 1 0 1 1
TOTAL NUMBER OF SPECIES 8 10 9 10 9 8 9

number of liverwort species. There is noclimatic cycle, requires further monitoring for
evidence of any change in speciewvalidation.

presence/absence or abundance over the last

decade and time is insignificant as a linear

variable according to RDA and associated

permutation test.

B Summary

Blue Lough is highly acidic, with pollutant anion
concentrations very similar to the nearby
Bencrom River. N@ concentrations are high,
and contribute significantly to the acidity of the
Lough. Low pH and alkalinity relative to the
Bencrom River can be attributed to a lower
supply of base cations, in particular Ca, from
internal sources. The only clear trend observed
over eight years of monitoring is a rise in DOC,
but there are some indications of falling xSO
and increasing pH and alkalinity in recent years,
which could explain changes in the epilithic
diatom community. The extent to which trends in
the epilithic diatom and macroinvertebrate
communities may represent sustainable recovery
from acidification, as opposed to part of a
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Figure 4.21.3

Blue Lough:
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Figure 4.21.4
Blue Lough:
macroinvertebrate
data (1989 - 1998)
frequency of taxa in
individual samples
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Figure 4.21.5

Blue Lough:

summary of fish

data (1990 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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Figure 4.21.6
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4.22 Coneyglen Burn

m Site Review

Coneyglen Burn, in the Sperrin Hills of Northert
Ireland, drains a large area of moorland, althougt
is flanked by a relatively small area of coniferou
forestry immediately upstream of the samplin
stretches. The forest is approaching maturity but
felling has been carried out, and there is no ott
evidence of catchment disturbance since the on
of monitoring in 1989.

m Water Chemistry

(Figure 4.22.2, Tables 4.22.2-3)

Coneyglen Burn has the highest mean pH a
alkalinity of any UKAWMN site (6.51 and 16ieq
I-1 respectively). This is the result both of lov
levels of xSQ and NQ (means 3Queq H and 3
peq H respectively), consistent with the location ¢
the catchment upwind of emission sources, and

Table 4.22.1
Coneyglen Burn: site characteristics
Grid reference H 641884
Catchment area 1311 ha
Minimum Catchment altitude 230 m
Maximum Catchment altitude 562 m
Catchment Geology schists
Catchment Soils blanket peat
Catchment vegetation moorland 95%,
conifers 5%
Mean annual rainfall 1536 mm
1996 deposition
Total S 15 kg ha'l yrl
non-marine S 11 kg ha'l yrt
Oxidised N 5 kg hal yrl
Reduced N 13 kg hal yrl

Coneyglen BurnChapter Four

Contours in metres

0

2 kms
]

Table 4.22.2

Coneyglen Burn: summary of chemical
determinands, August 1990 - March 1998

Figure 4.22.1

Coneyglen Burn:
catchment

Determinand Mean Max Min
pH 6.51 7.44 4.60
Alkalinity peq ! 1606 4610 -26.0
Ca peq It 1490 3085 270
Mg peq It 1208 208.3 417
Na peg 1 2391 3739 1391
K peq 1 10.3 231 51
SO, peq It 571 2375 20.8
XSO, peqg 1 304 2063 -0.8
NO; peq I 29 521 <14
Cl peq It 2555 4958 104.2
Soluble Al pg I 405 264.0 6.0
Labile Al pg 11 80 2110 <25
Non-labile Al pg I 333 82.0 <25
DOC mg I 83 26.9 17
Conductivity —pS cml 552 83.0 310
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buffering by relatively large internal base catiora wide area. The N(pulse is believed to result
sources (mean Ca = 14@q I, mean Mg =121 from a combination of drought and,
peq ). subsequently, an unsually cold winter, both of
which are likely to have reduced uptake, and
Stream chemistry at Coneyglen Burn is howeveancreased the supply of dead biomass for
subject to major episodic fluctuations, andmineralisation and nitrification (Reynoldg al.
alkalinity fell below zero on six occasions duringl992; Monteithet al, in press). Very high NO
the monitoring period. Most episodes appear tpeaks were observed throughout the UKAWMN
have been caused by base cation dilution, but in Spring 1996, and possible mechanisms are
addition, an extremely large xgMulse was discussed in Section 5.4.
recorded in October 1995, followed by a
similarly large NQ pulse in Febuary 1996 Regression trend analysis suggests an increase in
(Figure 4.22.2d,e). In the first pulse, xS@se NO; over the monitoring period (Table 4.22.3).
from 25 to 206 peq I, after which This is partly a function of the 1996 peak, but
concentrations took around a year to return thNO; concentrations also rose above detection
normal levels. The initial increase did notlimits during the following two winters (Figure
generate a major acidic episode, howeve#.22.2e). This could indicate a transition from
because base cation levels remained high. Btage 0 to Stage 1 N saturation according to the
contrast the increase in I\j,Ofrom below classification of Stoddard (1994), but it is also
detection limits to 52ueq I, concided with a possible that winter maxima are slowly returning
large dilution of Ca. Alkalinity fell to —2@ieq !  to pre-1996 levels. A similar recovery over
and pH to 4.62, and the labile Al peak of 2ijl several years was observed at the C2 catchment
[-1 compares to a maximum of 28 I'1 for the at Plynlimon following a drought in 1984
remainder of the study period. (Reynoldset al. 1992). This issue should be
resolved by further sampling. No trends are
It is thought that the xSQOpulse at Coneyglen opserved in other major ions, but an extremely
Burn was the result of a severe drought durinmrge linear increase in DOC (approximate|y 8
the summer of 1995 (Marsh, 1996), at whiclng I1 over 10 years) and an accompanying rise
time river flows in the area fell to their lowestijn non-labile Al are identified by both SKT and

levels in ten years (National River Flow Archive,regression (Table 4.22.3, Figures 4.22.2j,l).
Institute of Hydrology). De-saturation of peats at

this time is likely to have allowed re-oxidation of ll Ep|||th|C diatoms

stored reduced S, with the resulting StDshed

to the stream as the soil re-wetted during auturriffrigure 4.22.3, Table 4.22.4)

(Bayley et al., 1986). Similar, albeit less

pronounced xSPpeaks can also be detected infhe epilithic diatom assemblage of samples from
time series for Beagh’s Burn and the Bencrorfoneyglen Burn has varied markedly between
River, suggesting that this climatic effect coveregears.Synedra minusculgpH optima 6.0) is the

Table 4.22.3

Significant trends in chemical determinands (August 1990 - March 1998)

Determinand Units Annual trend (Regression) Annual trend (Seasonal Kendall)
NO, peq I +0.64** -

DOC mg I +0.80*** +0.78

Non-labile Al pg I +1.86** +2.42*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001
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(Section 3.1.2)
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Table 4.22.4

Coneyglen Burn: trend statistics for epilithic diatom, macrophyte and
macroinvertebrate summary data (1989 - 1998)

Total sum Number Mean N, M RDA/MNRDA A RDA/MNPCA
of squares of Taxa diversity

Epilithic diatoms 448 110 51 0.60 0.49
Macrophytes 4 5 21 0.12 0.11
Invertebrates 357 32 26 0.68 0.49
Variance p

explained (%) within year between years linear trend  unrestricted restricted

Epilithic diatoms 295 705 134 <0.01 <0.01
Macrophytes * * 7.8 0.68 0.48
Invertebrates 44.9 551 139 <0.01 <0.01

most abundant species in most samplesigh densities throughout the study. Much of the
However, it was relatively scarce in 1992 andenthos is characterised by detritivorous
1993, when sever&8unotiataxa, and particularly stoneflies Leuctra inermisBrachyptera risiand
E.exigua (pH optima 5.1), indicative of more Amphinemura sulcicoll)s and a relatively
acid conditions, were more abundant. Watediverse community of water beetles. Three
chemistry data for Coneyglen Burn suggest thatears, 1992, 1993 and 1997 had very large
the summer months of 1992 and 1993 werpopulations of Simuliidae larvae. 1994 was a
unusually episodic. Rainfall data for the nearbyoor year both in terms of number of species and
Meteorological Station (Lough Fea) isabundance due to adverse sampling conditions.
incomplete for the summer of 1993 butThe caddisfly,Hydropsyche siltalaiwhich had
demonstrates that July and August in 1992 wetgeen present in the first few years was absent
unusually wet. It is therefore possible that th&uring 1994 and 1995, and then reappeared in
hydrological regime has had a significant effecfi996. The acid sensitive mayiBaetisspp. was

on the diatom flora of this site through the effecfirst abundant in 1992 and 1993 then declined
of variations in surface run-off relative to baseand has since reappeared in 1997. The mayfly
flow on pH. Over the nine year period (1989-Heptagenia laterali@lso disappeared during the
1997) there has been a general decline in theiddle of the monitoring period then reappeared
relative abundance ofichnanthes minutissimain 1998. The recent change in species
(pH optima 6.3) and an increase Tabellaria composition is supported by a significant linear
flocculosa(pH optima 5.4), which suggests thetime trend at the 0.01 level according to RDA and
stream is becoming gradually more acidic. This iassociated permutation test and may indicate a
supported by LOESS plots which suggest general improvement in conditions.

recent decline in pH. RDA and associated .

restricted permutation test show the time trend tll Fish

be significant at the 0.01 level

m Macroinvertebrates

(Figure 4.22.5)

Coneyglen Burn has been electrofished since
1990. Trout densities are in the middle range of
those found in the Network sites. The population
9ensity of 0+ fish shows a general increase which
is accompanied by a general decrease in

(Figure 4.22.4, Table 4.22.4)

The fauna is dominated by the predatory stonefl
Siphonoperla torrentiunwhich was present in
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Table 4.22.5

Coneyglen Burn: relative abundance of aquatic macrophyte flora (1989 - 1997)
(see Section 3.2.3 for key to indicator values)

Abundance Taxon Year 89 90 91 92 93 95 96 97

INDICATOR SPECIES

Hygrohypnum ochracheum? 222 211 43 149 181 154 88 186
Fontinalis squamosa? 131 6.8 71 101 76 73 138 78
OTHER SUBMERGED SPECIES

Filamentous green algae 135 <01 176 <01 <01 119 63 37
Racomitrium aciculare <01 <01 <01 02 <01 <01 08 02
Scapania undulata 18 3.7 05 43 40 05 09 14
Juncus bulbosus var. fluitans 00 <01 00 00 0.0 0.0 00 00
EMERGENT SPECIES

Juncus acutifloris 00 <01 00 <01 <01 00 00 <01
Juncus effusus 00 <01 00 00 00 00 00 00

total macrophyte cover
excluding filamentous algae 371 316 119 295 297 232 243 280

TOTAL NUMBER OF SPECIES 5 8 5 6 6 5 5 6

condition factor, although neither are statisticallyConsiderable cover of filamentous green algae
significant as linear trends over the eight yearsvas also recorded in some years. Overall cover
The density of >0+ trout shows no notable trendand relative species representation have
over the sampling period but their mearremained very stable over the last eight years and
condition factor shows a linear decline which intime is insignificant as a linear variable using
this case is statistically significant (p = 0.05 df =RDA and restricted permutation test.

6). The length frequency histograms show very

poor recruitment in 1991 and 1992 but this didll Summary

improve considerably in 1993 and there is

evidence of this high recruitment following on inConeyglen Burn is not chronically acidified, with
subsequent years. Unsurprisingly 1993 was latively low pollutant anion and high base

very poor year for >0+ trout. cation concentrations, but can become acidic
during high flows. Time series are dominated by
B Aquatic macrophytes very large pulses of xS@nd NQ in 1995-1996

following a major drought and subsequent cold
winter, the effects of which lasted for at least a
year. The NQ@ peak in particular generated a

The composition and relatively high cover of the_Severe acidic eplsode. The only OYer"’,‘” changes
n stream chemistry during the monitoring period

submerged aquatic macrophyte flora O]lh b i in DOC and labile Al Th
Coneyglen Burn is indicative of the well buffered, ave been Increases n and 'abiie Al 1he

water chemistry of the site. The acid Sensitivénterpretatlon of the significant trends in epilithic

moss speciesHygrohypnum ochraceunand dlatomst and frlpatcroTr:/eﬂr]tebfrate commungles
Fontinalis squamosadominated the survey Zp?egr (z, con 'Cé W':h Iettormgfr Sug%‘:ﬁ’ N9
stretch, although the acid tolerant liverwort eterioration - an € fatter 1t anything,

Scapania undulataas also abundant in patches.squeStmg an ammelioration of acid conditions.

(Tables 4.22.4-5)
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Figure 4.22.4
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Figure 4.22.5

Coneyglen Burn:

summary of fish

data (1990 - 1997)

(a) Trout
population
density for 0+
and >0+ age
classes
(individuals
100 m-2)

(b) Mean condition
factor (with
standard
deviation) of the
trout population
and its
coefficient of
variation
(histogram)
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Water Chemistry Discussion

Chris Evans
& Don Monteith

m 5.1 Regional Variability in
Surface Water Chemistry

5.1.1 Acidity and Non-marine Sulphate

The UKAWMN, with only 22 sites in acid enhancement, internal sulphur sources and
sensitive parts of the UK, was not designed evaporation (notably at Old Lodge) can also
permit a statistically robust assessment of spatincrease surface water concentrations to varying
variations in surface water chemistry across tldegrees. To a first approximation, sites with higher
UK. However, some general spatial patterns axSO, concentrations tend to be more acidic, in
observed, and maps showing mean values foiaccordance with the role of x§Gs the main
number of important variables are presented acidifying anion. However, this link is complicated
Figure 5.1. Mean values for a wider range (by variations in catchment buffering capacity,
determinands are given in Table 5.1. represented in Table 5.1 by xCa. For example,
Burnmoor Tarn has higher xgQ@oncentrations
Inter-site variability in mean alkalinity is actuallythan nearby Scoat Tarn but, due primarily to higher
quite low; with the exception of Coneyglen BurixCa levels, is much less acidic. The importance of
(alkalinity 161 peq-t), all site means fall within catchment buffering is reflected in the complex
the range -30 to 48 ped.IHowever, this alkalinity spatial variability observed for mean pH (Figure
band is associated with a wide range in pH, fro5.1b).
4.6 to 6.5, which in turn represents a variation
H* concentration of approximately two orders ¢5.1.2 Nitrate
magnitude (0.3 to 25 pegd)l Similar variability is
observed for labile Al (3 to 287 pg)l Spatial variations in N@ (Figure 5.1c) show a
reasonable correlation with N deposition;
Mean Acid Neutralising Capacity (ANC) has beeconsistently low concentrations are observed in the
calculated as the sum of base cations minus ‘relatively low deposition regions of northwest
sum of acid anions. Although alkalinity, as :Scotland and northwest Northern Ireland, while
directly measured variable, was used in preferermaximum concentrations occur at the highly
to ANC for trend analyses, ANC is widely used zdeposition impacted River Etherow. However,
an indicator of surface water acidity status and between these extremes there is significant inter-
relate water chemistry to biological status. Tabsite variability which can be attributed to
5.1 demonstrates a close relationship betwecatchment specific conditions. Factors likely to
alkalinity and ANC, with spatial variations in ANCenhance N@concentrations at a given site include
largely replicating those for alkalinity. With thedeposition enhancement at forested catchments
exception of Coneyglen Burn (2Qq ), ANC (Section 5.5) and lower levels of biological uptake
varies from —52 to 6ieq I between sites. This of N at high altitude sites such as Scoat Tarn and

range is somewhat greater than for alkalinity. ~ Lochnagar (Kernan & Allott, 1999). The mean
proportional contribution of N to total
Concentrations of xSQ(Figure 5.1a) generally anthropogenic acidity (i.e. NCas a percentage of
increase across the mainland UK from northwest [NOz + XSQ)]) also varies widely, from 4% to 34%
southeast, with a similar gradient suggested frc(Figure 5.1d). No clear spatial pattern is evident,

the sites within Northern Ireland. These patteriwith NO; contributing most significantly to acidity
are consistent with measured emission aiat Scoat Tarn, Blue Lough, the Bencrom River and

deposition variations across the UK (Chapter zthe Afon Hafren, and least at the Allt a’Mharcaidh
although other factors such as forestry depositiand Old Lodge. N@is not the dominant cause of
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Figure 5.1
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Table 5.1

Mean chemistry (1988 - 1998) of UKAWMN sites
All variables in peq I’ except labile Al (ug 1) and N% (NO5 as a percentage of [NO3 + xSO,], measured

in peq ).

SITE Alkalinity ANC pH labile Al xSO, NO; N% Cl xCa
Loch Coire nan Arr 38 43 6.4 3 14 3 17% 258 32
Allt a‘Mharcaidh 44 58 6.5 7 33 1 4% 110 38
Allt na Coire nan Con 22 34 59 17 30 4 12% 296 46
Lochnagar 1 1 53 26 48 16 25% 89 25
Loch Chon 10 20 5.6 20 49 12 20% 223 69
Loch Tinker 38 63 6.1 3 39 3 7% 163 78
Round Loch of Glenhead -12 -9 49 60 47 7 13% 195 25
Loch Grannoch -28 -14 46 225 72 17 19% 257 38
Dargall Lane 4 4 55 33 60 11 15% 186 42
Scoat Tarn -8 -15 50 109 41 21 34% 186 25
Burnmoor Tarn 48 59 6.5 3 59 5 8% 210 81
River Etherow 7 29 55 66 240 49 17% 310 160
Old Lodge -30 52 46 195 193 7 4% 571 129
Narrator Brook 16 19 58 27 45 6 13% 274 24
Liyn Llagi 6 9 53 40 41 10 20% 194 45
Llyn Cwm Mynach 5 7 5.4 65 54 10 16% 304 58
Afon Hafren 6 -3 5.4 99 60 21  26% 209 37
Afon Gwy 12 11 5.6 56 48 11 18% 159 33
Beagh's Burn 44 114 58 10 38 4 9% 337 89
Bencrom River -5 11 52 125 67 29 30% 255 42
Blue Lough -23 29 47 287 66 29 30% 276 29
Coneyglen Burn 161 204 65 8 30 3 9% 255 139

acidity at any site, although concentrationghat elevated atmospheric inputs from
temporarily exceed those of x@uring spring anthropogenic sources can lead to conditions of
episodes at Scoat Tarn and the Bencrom River.'nitrogen saturation’, allowing increasing release
of NO; to surface waters with resultant
Whereas S inputs and outputs in most UK uplandcidification. Stoddard (1994) identified four
catchments are believed to be in long ternstages of nitrogen saturation in upland systems.
balance (Jenkingt al, 1997a), a significant According to this scheme, Stage 0 is the
proportion of incoming N deposition is retainedunimpacted condition, in which strong
or removed by the catchment biota througkecosystem retention causes runoff concentrations
processes including vegetation uptake, microbiab remain at or close to detection limits. At Stage
immobilisation and denitrification (Jenkiesal, 1, N supply exceeds demand during winter but
1997b; Stoddard, 1994). In pristine environmentsatchments remain N-limited during summer, so
nitrogen may be a limiting nutrient (Tamm,that runoff concentrations vary seasonally, from
1992), in which case virtually all N inputs arenear-zero during summer to maxima in late
retained. However, it has been suggestedinter/early spring. Stage 2 saturation occurs
(Skeffington & Wilson 1988; Abeet al, 1989) when catchments cease to be N-limited at any
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time, causing summer minima to rise aboveontinued current levels of N deposition, to move
detection limits, whilst at Stage 3, catchments ar® more advanced saturation stages in the future.
fully saturated throughout the vyear, with

continuously high runoff concentrations andll 5.2 Temporal Trends in

imited seasonality. Surface Water Chemistry

The quarterly sampling regime at UKAWMN
lake sites may be considered insufficient fob.2.1 Acidity and Non-marine Sulphate
identification of saturation stages. Furthermore,
seasonal N dynamics can be significantly altere@) Observed Changes, 1988-1998.
by storage within larger lakes, for example by
maintaining NQ above detection limits during Trend analyses demonstrate increases in pH and
summer (Momeret al, 1999), even though the alkalinity at six and four sites respectively, while
terrestrial system may be N-limited at this timefour sites show trends in both. On initial
Data for the monthly sampled UKAWMN assessment this provides encouraging evidence
streams are therefore considered to be mot# chemical recovery. However, only three sites
suitable for an assessment of catchmenixhibit declines in xS@ while none show
saturation status, and time series (Figure 5.%eclines in NQ and no sites exhibit both
appear to conform well to Stoddard’sreductions in acidity and declining trends in acid
classification. According to the definitions given,anion concentrations (Table 5.2). This is perhaps
the Allt a’Mharcaidh is clearly at Stage O.surprising given that decreases in UK sulphur
Coneyglen Burn also appears to be at Stageebnissions since the 1970s (RGAR, 1997) should
prior to a large episodic nitrate pulse in 1996n theory have led to reductions in surface water
(Section 4.22). It is unclear as yet whether thigSQ, levels, and subsequently to reduced acidity.
event represents the onset of a permanent changethe absence of decreasing %S®ends, the
in nitrogen status at this site, or simply a shotbbserved pH and alkalinity increases cannot
term perturbation. Generally low concentrationgonfidently be attributed to deposition
but small winter peaks at Beagh’'s Burn, Allt naeductions, and at some sites may instead be the
Coire nan Con and Narrator Brook suggest thatsult of variations in sea-salt inputs and/or
these sites are transitional between Stages 0 arinfall (Section 5.3). The lack of clear
1, whilst Old Lodge, the Afon Gwy and Dargallwidespread decreases in xS@ppears to be
Lane all exhibit the strong seasonality and nealinked to several factors:
zero summer concentrations characteristic of
Stage 1. The Afon Hafren and Bencrom Rivers Reductions in sulphur deposition at many
with concentrations above detection limits at all UKAWMN sites between 1988 and 1998 may
times, appear to be at Stage 2, whilst the have been relatively smafls noted in Chapter
continously high concentrations and lack of 2, UK sulphur emissions have decreased by
seasonality at the Etherow indicate that this site is 55% between 1986-1997, and total deposition
at Stage 3. by around 50%. However, more of this
reduction has been in dry deposition, which for

It appears then, that the full range of N leaching the UK as a whole has declined by 61%, while
conditions are represented within the 11 streamsyyet deposition has only declined by 42%. In

of the UKAWMN, from full retention at low 1986 wet and dry deposition inputs were
deposition locations to severe leaching in high approximately equal, but in the remote, high-
deposition areas. The general correlation (ainfall upland areas where most UKAWMN
observed between N inputs and outputs atgjtes are located, wet deposition provides a
UKAWMN sites suggests that a space-for-time greater proportion of the total input.
substitution similar to that used by Stoddard Consequently, total deposition reductions in
(1994) may be reasonable. This would suggesthese regions have been much smaller than the
that sites currently at lower stages of N saturation ptional average, and at many sites no trend at
would be likely, under increased or even g can be detected in wet deposition over the
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Table 5.2

Sites with increasing alkalinity, increasing pH or decreasing xSO,, for the period 1988-
1998, according to trend analysis (SKT = Seasonal Kendal Test; REG = Linear
regression)

Alkalinity (ueq I'1) pH xSO, (peq I1)
Site SKT REG SKT REG SKT REG
Loch Chon +1.0*  +14* +0.044* +0.04*
Blue Lough +1.2* +0.02*
Narrator Brook +1.8* +0.06** +1.0**
Dargall Lane +0.9*
Scoat Tarn +0.013* +0.02*
Llyn Llagi +0.049*
Afon Gwy +0.05*
River Etherow -5.9%* -7.9%*
Lochnagar -0.02* -0.5* -1.0*
Old Lodge -8.8*

*Trend significant at p < 0.05; ** trend significant at p < 0.01; *** trend significant at p < 0.001.

last decade (Chapter 2). Lochnagar, the River causes cyclicity in calculated xS0
Etherow and Old Lodge, which have central or concentrations which may mask
eastern locations, receive proportionally higher anthropogenically driven changes. Unusually
dry deposition inputs, and have experienced high levels of marine ion deposition during the
greater total deposition reductions, and first three years of monitoring appear to have
detectable reductions in surface water xSO suppressed xSf@stimates at this time, causing
concentrations. particular problems for trend detection. This
subject is discussed further in Section 5.3.3.
« Short term variations are large relative to long
term changes This problem is particularly * Soils may be releasing stored sulphur
severe at sites with re|ative|y low X$O AlthOUgh UK soils are WIde'y assumed to be
concentrations. 13 of the UKAWMN sites have saturated with respect to adsorbed,S@
mean XSQ concentrations below 50 ueG] reduction in deposition inputs may result in
Even proportionally sizeable reductions at oOver-saturation, and therefore some S
these sites are unlikely to be much larger than desorption. This may damp the effect of
their mean standard deviation (of 13.1 & | deposition reductions at some sites.
over the decade. This demonstrates how even
quite large trends may be difficult to detect ByEven at the three sites with decreasing xSO
contrast, the observed decline in xS@ the (Lochnagar, the River Etherow and Old Lodge),

Etherow represents an absolute decrease i&icovery in pH or alkalinity has not yet been
around 60 peq-3 which is more readily observed. In Scandinavia and the United States,

identifiable. surface water chemistry recovery following XSO
reductions has been delayed by accompanying
« The marine-ion correction, used to calculatedecreases in base cations (Stodasral., 1999).
xSQ, is influenced by decadal-scale climaticThis can be attributed to reduced total cation
variations at coastal siteThere is evidence to export as mobile anion concentrations decline; as
suggest that soil retention and release of, SOsoil base saturation levels are re-stocked from
driven by varying levels of sea-salt depositionprimary weathering, surface water base cation
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Figure 5.3
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concentrations can be expected to stabiliseepresent the resumption of a long term declining
permitting further recovery in pH and alkalinity trend. Longer term datasets, described in Chapter
(Gallowayet al, 1983). Downward trends in Ca 6, provide further evidence that the period of
and Mg at the Etherow and Old Lodge (Tablesising xSQ during the early 1990s represents the
5.12.3, 5.13.3) suggest similar patterns heréemporary disruption of a long term downward
although these trends are relatively weak, anend, and that this downward trend has had, and
detected only using regression analysis. At allill continue to have, a positive impact on
three sites, however, there are strong indicatiorssirface water acidity. Large forecast emissions
that NO, concentrations have increased over theeductions under the UNECE multipollutant,
monitoring period. This appears to have offsetulti-effect protocol suggest that these recovery
the effects of decreasing xg@0and indeed at trends should continue in future years, becoming
Lochnagar the rise in N(has exceeded the fall statistically significant at an increasing number
in XSO, causing further acidification. of sites.

(i) Prospects for future recovery (iii) Variations inANC

Although there has been little indication ofAlthough trend analysis of ANC was not
recovery at the UKAWMN sites during the lastundertaken, time series (Figure 5.4) show
decade, this should become evident witlsimilar variations to those observed for alkalinity.
continued monitoring. As noted above, theThe majority of sites exhibit a degree of cyclicity
apparent increase in xg@t many sites during in ANC over the ten years, many showing ANC
the early part of the monitoring period may haveninima during 1990-1992, and maxima during
been the result of a very high sea-salt depositiatf95-1996. This is believed to be linked to the
period 1989-1991, during which marine 3@as decadal-scale climatic cycles referred to above,
initially retained by catchment soils, relative towhich are discussed in detail in Section 5.3.3. As
marine Cl (reducing the estimate of x3Cand for alkalinity and pH, few sites show evidence of
subsequently released (enhancing the estimatearf overall trend in ANC, perhaps the most
xSQy). In this context, the xSQOreductions at compelling being a decline in ANC at Lochnagar,
many UKAWMN sites since the mid-1990sconsistent with rising NQand falling pH at this
(Figure 5.3) are encouraging, and may welsite.
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Figure 5.4

Temporal trends in
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UKAWMN sites
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5.2.2 Nitrate fluctuating concentrations over the monitoring
period suggest that climatic factors may be the

Deposition of NQ and NH, has either remained dominant influence.

stable or has risen slightly over the last decade ) ]

(Chapter 2). Nitrogen saturation theory (Sectior-2-3 Dissolved Organic Carbon

5.1.2) suggests that even a constant N input o ) .

might be expected to lead to an increase in At 19 of the 22 sites in the Network, including all

output, and rising NQtrends have indeed beenthose in Scotland and Northern Ireland, rising

observed at six UKAWMN sites (Table 5.3). ADOC trends have been observed using one or

rising trend is also suggested by time series dagth methods of trend analysis (Table 5.4). The

for Loch Grannoch (Figure 4.8.2€) but here an@nly sites without observed DOC increases are

perhaps at others sites, any long term trend {arrator Brook, Llyn Llagi and Llyn Cwm
difficult to detect amid large episodic angMynach. Given the limited number of trends

seasonal fluctuations. NGs also thought to be observed for other determinands, the consistency

affected by inter-annual climate variations; this 9 the increases identified for DOC s

discussed in Section 5.4. remarkable, suggesting that concentrations may
be rising in upland areas throughout most of the

Of the six sites with rising Ngtrends, the most UK. At some sites these increases are extremely

compelling increases are at the River Etherol@9€; concentrations have doubled or more over
and Round Loch of Glenhead (Figures 4.12 othe ten years at Loch Coire nan Arr, Allt na Coire
and 4.7.2e), where steady changes over the tBg" Con, Dargall Lane, Scoat Tarn and

years suggest increasingly severe catchmefoneyglen Burn. Rising DOC trends have
nitrogen saturation. Following apparent Stelprewously been noted at the Afon Hafren (1983-

changes at Lochnagar (in 1993, Figure 4.4.2¢)793) by Robson & Neal (1996) and at the Afon
and Loch Chon (in 1996, Figure 4.5.2¢)CYfT and Afon Gwy (1980-1996) by Reynoles

concentrations have so far remained high, arf- (1997). Increase in water colour, which is
again nitrogen saturation may be the cause. Afrongly related to DOC concentration, has also

Old Lodge, the 1991-1998 record is currently todeen recorded at four Galloway lochs and three
short to confirm that changes have occurred 0SSachs streams between 1985 and 1995

whilst at the Bencrom River (Figure 4.20.2e(Harrimanet al, 1995a) and in the Pennines
between 1979 and 1998 (Naden & McDonald,

1989; Wattset al, in review).

The identification of widespread DOC increases

Table 5.3 at the UKAWMN sites raises three major
Sites with increasing NOj questions. Firstly, do these trends represent a
SKT = Seasonal Kendall Test: REG = Linear sustained, long-term increase in surface water
regression. DOC concentrations, or are they simply natural
NO; (neq I) fluctuations? Secondly, what is the cause of
Site SKT REG observed changes? Finally, what, if any, are the

biological implications of these changes?

Lochnagar +1.4* +1.1*
Loch Chon +0.9*
Round Loch of

(i) Validity of Trends

Time series data for sites exhibiting DOC trends

Glenhead +0.9**  +06* generally suggest that these trends are ‘genuine’
River Etherow +2.1% +15% (Figure 5.5). Unlike many other determinands
Old Lodge +0.7% - there are few indications of cyclicity, with the
Bencrom River +1.0* - majority of sites exhibiting steady, linear

increases over time. This is reflected in the high
*Trend significant at p < 0.05; ** trend significant at  level of SKT signficance at many sites (Table
p < 0.01;*** trend significant at p < 0.001.
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5.4) with increases at 12 sites significant at phange over the last decade. This appears to
<0.01. The analyses of Reynoktsal (1997) and suggest that increased DOC may not have led to
Robson & Neal (1996), showing similaran associated rise in colour in lake waters. Since
increases for earlier time periods at the Gwy antthe fraction of coloured compounds within the
Hafren, also support the conclusion that th®OC total has been shown to vary (Molot &
changes observed in UKAWMN data form parDillon, 1997) it is therefore possible that
of a sustained rising trend. observed DOC increases could have been in the
low molecular-weight colourless forms.

Interestingly, annual measurements oHowever, since colour is known to have
transparency (summer secchi disc depth) and tiecreased in Galloway, the Trossachs and the
maximum depth of macrophyte growth (which isPennines (Harrimaet al, 1995a; Wattgt al, in
inversely correlated with DOC between sites) ateview) and since there is evidence for an
UKAWMN lakes have not shown any apparenincrease in absorbance at 250nm at some sites

Table 5.4

Sites with increasing DOC trends

DOC Non-labile Al
SKT REG IstYear Annual % SKT REG
Mean increase
Site (mg 1) (mgl?) (mgl?) (Mg 1) (ng 1)
Loch Coire nan Arr +0.25**  +0.21** 1.0 23% +1.00*  +1.13**
Allt A’'Mharcaidh - +0.11* 2.2 5%
Coire nan Con +0.28**  +0.28** 28 10% +2.40 +0.215
Lochnagar - +0.08* 11 8%
Loch Chon +0.20**  +0.16** 34 5%
Loch Tinker +0.18* - 41 5%
Round Loch +0.13**  +0.09* 29 4% +2.31 +1.94**
Loch Grannoch +0.13* - 39 3%
Dargall Lane +0.10**  +0.11** 11 10% +0.86*
Scoat Tarn +0.10**  +0.12** 05 22%
Burnmoor Tarn +0.18**  +0.17** 16 11% +0.25*
River Etherow +0.27* +048** 4.2 9% +5.00**  +4.27*
Old Lodge +0.28**  +0.35** 44 7% - -
Afon Hafren +0.07* - 21 3% - -
Afon Gwy +0.10* - 22 5%
Beagh's Burn +0.60**  +0.65** 95 7% - -
Bencrom River +0.14**  +0.21** 33 5% - -
Blue Lough +0.19* +0.18* 3.0 6%
Coneyglen Burn +0.78*** +0.80** 6.4 12% +1.86*  +2.42*

SKT = Seasonal Kendall Test. REG = Linear regression.

First year mean calculated using data for April 1991-March 1992 at Afon Gwy, Blue Lough and Coneyglen
Burn, April 1988-March 1989 at all other sites. Annual percentage increase calculated using mean of SKT
and regression trend estimates where both are significant.

* indicates trend significant at p < 0.05, ** p < 0.01, *** p < 0.001.
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(Harriman, pers. comm), it is possible that théleal (1996) to indicate a decomposition source
observations above may reflect measuremefdr DOC increases. However, interactions
limitations. This issue could be addressed ibetween microbial organic matter decomposition
future by partitioning DOC in water samples byand climate are complex. For instance, Christ &
molecular weight using ultra-filtration, by David (1996) found higher DOC production in a
measuring absorbance at a number of wawverest organic horizon with increased moisture
lengths, and or, by increasing the frequency afontent, while Mitchell & McDonald (1992)

secchi disc readings. observed elevated concentrations for extended
periods following droughts. Decomposition rates
(ii) Possible Causes of Rising DOC also increase exponentially with rising

temperature (Christ & David, 1996).
At this stage, it is difficult to identify a
mechanism for observed DOC increases. Krug &ata presented by Marsh (1999) indicate an
Frink (1983) argued that increasing mineral aciéhcreased frequency of low flow conditions (and
inputs to soils would cause a decrease in orgarience dryer soils) in southeast Britain during the
acid leaching, and hence in the DOdast decade. No comparable trend has been
concentration of surface waters. This hypothesisbserved in northwest Britain, and in general it is
was supported by palaeolimnological datdahought that rainfall patterns may be too spatially
showing a decline in DOC concentrations ofvariable to account for consistent DOC trends
Norwegian lakes concurrent with acidificationthroughout the UK. However mean temperatures
during the early twentieth century (Davet show a much tighter spatial correlation, and data
al.,1985). Modelling work by Tipping & Hurley from the Central England Temperature Record
(1988) suggested that with reductions in aciqHulme, 1999) indicate that the period 1988-
deposition, rising soil pH will lead to increased1997 was on average 0.5°C warmer than the
organic matter solubility, and hence to greatet961-1990 mean. In addition, the average num-
DOC in runoff. It is possible therefore thatber of days with mean temperatures above 20°C
reduced acid deposition at UKAWMN sites overduring 1988-1997 (7.4 days-yrwas more than
the last decade may be responsible for the risirdpuble the long term mean. Given the exponen-
DOC trends observed. However, this mechanisitial relationship between decomposition and tem-
does not accord well with the geographicaperature, this apparent warming trend within the
distribution of rising trends, as some of thedJK may be sufficient to explain the observed
largest increases have been at sites in |oROC increases. The increased number of hot
deposition areas, notably Loch Coire nan Arrsummer days may be particularly significant
Allt na Coire nan Con, Beagh’'s Burn andsince most decomposition can be expected to
Coneyglen Burn (Table 5.4). Since these sitesccur at these times.
have never been seriously acidified, it is unlikely

that changing soil pH could be influencing DOC (iii) Environmental Significance of Rising DOC.

An alternative explanation for the observedRising levels of DOC may have significant
trends may be a climatically driven increase inmplications for stream and lake biota. The
rates of organic matter decomposition. The@rganic acids, which form part of the DOC, can
steady increase in DOC identified for 1983-199%ave a significant negative impact on pH and
at the Afon Hafren observed by Robson & Neaalkalinity. Increases in organic acidity over the
(1996) is accompanied by similar increases istudy period may therefore have reduced, or even
lodide (I) and Bromide (Br). Neat al (1990) negated, any recovery in pH and alkalinity
note that both halogens are strongly influencerksulting from reduced mineral acid anion
by microbial processes, with autumn streanconcentrations. However, DOC has been shown
maxima associated with peaks in thdo reduce fish mortality under acidic conditions,
decomposition and washout of organic materiaboth through the complexation of toxic labile Al
The rising trends in | and Br observed at théo non-labile forms and by reducing the toxicity
Hafren were therefore considered by Robson &f the remaining labile Al. (Bakest al, 1990;
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Roy & Campbell, 1997). Since DOC supply isevident in the time series shown in Figure 5.6,
believed to be the limiting factor in non-labile Alconcentrations may remain elevated over
generation (Driscollet al, 1984), this may sustained periods.
explain the rising non-labile Al trends observed
at seven sites with rising DOC (Table 5.4)The patterns of surface water CI variation
Therefore, in terms of fish sensitivity toobserved at the sites studied by Evansl (in
acidification, DOC increases may have gress) are mirrored at other west coast sites on
beneficial effect on UKAWMN surface waters. the UK mainland. As noted in the site
descriptions (Chapter 4), Dargall Lane, the Afon
Increases in water colour, although not yeHafren, Afon Gwy and Narrator Brook show
identified at the UKAWMN lakes, will reduce the virtually identical patterns of Cl variation to
depth to which photosynthetically active raditionthose observed in the Galloway, Lake District
penetrates, and as a result could restrict planhd north Wales lakes, with concentration
growth. High levels of colour are also considerednaxima during the early 1990s (Figures 4.9.2f,
to be a problem for drinking water (e.g. Mitchell4.14.2f, 4.17.2f and 4.18.2f). This suggests that
& McDonald, 1992). Conversely, an increase ircoastal areas ranging from southwest England to
colour may provide aquatic organisms protectiosouthwest Scotland have experienced very
from the potentially harmful effects of UV-B similar patterns of sea-salt deposition over the
radiation (e.g. Schindlet al, 1996) which could last decade. A period of high ClI concentration at
be increasing in mid-latitudes as a result oOld Lodge during 1989-1991 (Figure 4.13.2f)
stratospheric ozone depletion (e.g. Bj@tnhal, suggests that this may also have extended along

1998). the English south coast.
B 53 |mpaCt Of marine ion Observed patterns of CI variation for the
. Trossachs lochs are matched by those at the
cycles on acidity and trend coastal sites in northern Scotland, Loch Coire
deteCtion nan Arr and Allt na Coire nan Con, and to some
extent also by the inland sites, the Allt
5.3.1 Chloride Variations a’Mharcaidh and Lochnagar (Figures 4.1.2f-

4.4.2f). These sites all exhibited elevated

Inter-annual variations in marine ion deposition,Concentrations during 1989-1990 and 1993,

and subsequent cyclical fluctuations in surfacidicating that both high deposition periods
water concentrations of a range of ions havléecorded in the Trossachs affected a wider area of

been examined in detail for eight UKAWMN northern Scotland. Cl variations at the Northern

lakes in the Trossachs, Galloway, the Lakdreland sites (Figures 4.19.2f-4.22.2f) are less
District and north Wales by Evaret al (in consistent, perhaps reflecting their varied

press). Figure 5.6 shows Cl time series anpositions .relative to coastlines,. although
LOESS curves for these sites, along with cfoncentrations appeared generally higher during
deposition for nearby monitoring sites. In all fourt990-1991 and 1995-1996.

regions, a peak in lake concentrations betwee,sr!s_2 Cations and Acidity

1989-1991 can be directly linked to elevated

deposition inputs over the same period. ARypije deposited Cl is considered to be
additional period of high CI concentration at thg.qnservative within the catchment,
Trossachs sites during 1993 corresponds to dtcompanying cations have been shown to
second deposition peak in this region. Sea-sglfgergo chemical reactions through the ‘sea-salt
deposition is in general highly episodic, Withgfect (Wrightet al, 1988: Langan, 1989). High
most inputs occurring during winter frontal goij \water concentrations of marine cations,
storms. However, Reynolds & Pomeroy (1988?Jrimarily Na and Mg, cause displacement of
showed that physical mixing within the gher cations held on the soil exchange complex,

catchment damps surface water Cl responsgiich are then leached to surface waters. Na and
Consequently, although significant seasonality I®g are in turn displaced as soil water
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Figure 5.6
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concentrations return to pre-event levels, givinghe influence of sea-salt inputs on surface water
no overall change in the long term in either soithemistry was assessed through linear regression
or surface water composition. Previous studiesetween Cl (as a chemically inert indicator of
have in general considered the sea-salt effect asnarine inputs) and a range of potentially affected
transient process, focusing on episodivariables: xNa, xMg, xCa, H labile Al and
acidification due to Fi displacement, but other xSO,. A negative correlation between the non-
cations with non-marine sources, notably2*Ca marine component of an ion and Cl suggests that
and labile Al, may also be affected. Additionally,this ion is adsorbed in the soil during periods of
the sustained periods of elevated Cl observed high sea-salt inputs, a positive correlation that it
many UKAWMN sites suggest that the effects ofs displaced. For interpretation, sites were split
soil ion exchange on runoff composition, mayinto three categories based on the suggestion of
persist over much longer timescales than hadarriman et al, (in press) that sites at an
previously been envisaged. intermediate distance from the coast, with

Table 5.5

Slope and significance of regressions between Cl and a range of non-marine variables.

xNa xMg xCa HY Al xS0,
‘COASTAL SITES
Loch Coire nan Arr -0.22%** - - +0.002*** - -0.05***
Allt na Coire nan Con -0.28***  -0.03***  +0.04***  +0.01*** +0.08*** -0.06***
Beagh’s Burn -0.37*** - - - +0.05%**
‘INTERMEDIATE’ SITES
Loch Chon 0.27***  .0,12%** - +0.02%**  +0.16*** -0.06*
Loch Tinker -0.25%**  -0.10*** - +0.01*** - -0.08*
Round Loch of Glenhead -0.19***  .0.07* - +0.02* +0.31***
Loch Grannoch -0.27***  .0.08***  +0.05** - +0.89** -
Dargall Lane -0.26***  -0.02* +0.08***  +0.02***  +0.23*** -0.05**
Scoat Tarn -0.21***  .0.04* +0.05***  +0.03* +0.93*** -0.09***
Burnmoor Tarn -0.23*** - +0.21**
Old Lodge -0.24*** - +0.13*** - - -
Narrator Brook -0.49%**  .0.07*** - +0.03***  +0.34*** -0.12%**
Llyn Llagi 0.21%**  -0.07*** +0.07** +0.03*** - -0.07**
Liyn Cwm Mynach -0.19***  -0.05***  +0.15*** - - -0.06*
Afon Hafren -0.34*** -0.10%** - +0.09%** 41 24***
Afon Gwy -0.33*** - +0.04* +0.52**
Bencrom River -0.26*** - +0.10*** - +0.29*
Blue Lough -0.16** - +0.64*
Coneyglen Burn -0.38*** - - +0.02**
‘INLAND’ SITES
Allt a’Mharcaidh -0.04***  .0,10%** - +0.02***  +0.1* -0.04*
Lochnagar - - +0.11*** - +0.6**
River Etherow - - +0.13**

All variables analysed in peq I1 except labile Aluminium (Al,,) (Hg I1). *** indicates correlation significant at
p < 0.001, ** significant at p < 0.01, *significant at p < 0.05. Correlations with p > 0.05 considered non-
significant and omitted from table.
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generally moderate marine ion concentrationdemonstrate an equivalent process for marine
but receiving occasional large sea-salt inputdvlg. The lower number of sites showing this
undergo the most severe sea-salt acidification. Aelationship, and the smaller slopes observed,
sites further inland sea-salt episodes are rare areflect the smaller amount of Mg in sea-salt
generally minor, whereas in exposed coastaklative to Na, and the proportionally greater
areas sea-salt deposition is continuously higmon-marine Mg sources at some sites. Of the
leading to proportionally small concentrationinland sites, the Allt a’Mharcaidh shows a similar
changes in response to individual events, andverse correlation for xNa and xMg to more
therefore minor changes in acidity. Sites werenarine-influenced sites, but the slope of -0.04 for
classified on the basis of location and CkNa is much lower than elsewhere. At Lochnagar
concentrations as follows: and the River Etherow no significant
relationship is observed between Cl and either

« ‘Coastal’: Very high Cl deposition. Maximum xNa or xMg, confirming that these sites are
runoff concentrations > 600 ped | minimally influenced by sea-salt inputs.
with large peaks during most years.

« ‘Intermediate”: Moderately high CI deposition, Relationships between Cl and xC&, &hd labile
maximum runoff concentrations Al, where observed, are invariably positive. In
commonly in range 350-500 ped | addition, at least one of these variables is
Large inter-annual variations in significantly correlated with Cl at every coastal
deposition leading to cyclical and intermediate site. Therefore, as would be
variations in runoff CI. expected, it appears that the retention of Na and

« ‘Inland’: Low ClI deposition, maximum runoff Mg on exchange sites during sea-salt events is
concentrations generally 300 peq always accompanied by the displacement of one
.. Some inter-annual variability but or more of Ca, FI and labile Al. However, the
magnitude of changes insufficient tospecific responses of individual catchments vary
produce major sea-salt episodes. considerably. At Burnmoor Tarn, Old Lodge and

Llyn Cwm Mynach, regression analyses suggest

In practice, the majority of acid-sensitive regionghat only Ca is significantly displaced by Na and

of the UK are in ‘intermediate’ locations, and thisMg inputs. At many other sites (e.g. Loch Chon,

is reflected in the classification of UKAWMN Round Loch, Narrator Brook, Afon Hafren, Afon
sites. Only Loch Coire nan Arr, Allt na Coire nanGwy) only the acid cations Hand labile Al

Con and Beagh's Burn can be classified aappear to respond to sea-salts, whereas at Allt na

‘coastal’, whilst only the Allt a’Mharcaidh, Coire nan Con, Dargall Lane and Scoat Tarn all

Lochnagar and the River Etherow arehree cations are correlated with Cl. Therefore,

‘inland’(high CI concentrations at the Etherowalthough sea-salt effects operate at all these sites,

are probably due to road salt, as noted in Sectidhe impact on surface water acidity may be minor

4.12). Classifications and results of regressioat some and severe at others. The behaviour of

analyses are shown in Table 5.5, and soniadividual catchments is not well related to site

example time series in Figures 5.8-5.12. acidity, with for example both the acidic Old
Lodge and circumneutral Burnmoor Tarn

Relationships between Cl and non-marinelominated by Ca displacement, although Table
cations are generally consistent between sites. At5 does suggest some regional consistency in the
all coastal and intermediate sites, xNa exhibits esponse observed. It seems likely that local
highly significant inverse correlation with CI, factors such as weathering supply and the nature
with slopes ranging from -0.16 to -0.49. Thes®f the exchange complex may determine specific
strong correlations indicate that marine Na igation response to sea-salt inputs.

consistently retained on exchange sites following

large sea-salt inputs. This effectively reduces thie is important to note that the strength of the

calculated xNa of runoff, and frequently resultgelationship between Cl and acidity cannot solely

in a value below zero. Significant inversebe attributed to marine ion effects. Major storm
correlations between xMg and Cl at 11 sitegvents, during which most sea-salt is deposited,

Chapter Five
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Figure 5.7

Hypothetical model
of the influence of
varying sea-salt
deposition on SO,
adsorbtion/
desorbtion within
catchments and on
marine/non-marine
estimates from
surface water
samples

286w

coincide to some extent with periods of highb.3.3 Sulphate

rainfall, when the contribution of relatively

alkaline base-flow to surface waters can be€orrelations between xS@nd Cl, included in
diluted by surface runoff. Further work isTable 5.5, are significant at 10 of the UKAWMN
therefore required to ascertain the relativeites. In all cases this relationship is negative,
influence of these two processes on inter-annuwlith slopes ranging from -0.04 to -0.12. The
variation in acidity. Finally, it is worth noting that existence of a correlation between %%@d Cl is
although all three coastal sites do show somurprising, since marine S@& often considered
displacement of non-marine cations by sea-saltty pass conservatively through the catchment.
the slopes associated with the correlations iHowever Evangt al (in press) have proposed a
Table 5.5 are generally lower than at themechanism by which the elevated concentrations
intermediate sites. This appears to be consisteassociated with large sea-salt inputs could cause
with the suggestion of Harrimaet al. (in press) temporary SQretention. Unlike cation exchange
that acidification by sea-salts is less severe g@rocesses, which occur mainly on organic matter
sites experiencing very large and frequenin surface horizons, sulphate adsorption takes

deposition inputs. place on sesquioxides produced by weathering in
(8) HIGH SEA-SALT DEPOSITION (b) LOW SEA-SALT DEPOSITION
e ST S T, ST
H* SO, !SO, BC SO, | SO, BCs
ORGANIC SOIL ORGANIC SOIL
Marine BCsdisplace H* from exchange] BCs desorbed from exchangecomplex,
oomp ex H+ adsorbed
MINERAL SOIL MINERAL SOIL
SO, adsorbed onto sesquioxide surfaces, SO4 desorbed, H* generated as OH-
H* neutralised by OH" desorption adsorbed
Under-estimated | Over-estimated |
non-marine SOy EXPORT TO SURFACE WATERS non-marine SO EXPORT TO SURFACE WATERS
(based on ClI 4

(based on CI
concentration)

concentration)

BCs = base cations. Arrow widths represent relative concentrations of specific ions as they pass from the
atmosphere, through the soil profile and into the surface water. Only the concentration of conservative Cl
remains relatively constant along the pathway. The use of fixed marine Cl:SO, and Cl:base cation ratios to
estimate marine/non-marine fractions, leads to inevitable errors.
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mineral soils, notably podzolic B horizons. The5.3.4 Timescale and significance for trend
two processes are thus separated within the seigtection
profile, and can be considered to operate in
sequence as water percolates downwards. Adthough the sea-salt effect is generally
water rich in marine ions passes through the soitonsidered to operate on an episodic timescale, it
‘sea-salt’ cation exchange processes occur firdias already been noted that Cl concentrations
leaving water entering the mineral soil enrichedhave remained elevated for prolonged periods at
in both marine-derived SQand Hf. Although many sites, resulting in widely observed, long
most soils in the UK are believed to be fullyterm cyclicity. Given the relationships
saturated with SQin the long term (Jenkinet established in Section 5.3.2, inter-annual
al., 1997a) adsorption capacity is a function otyclicity would therefore be expected in the non-
concentration, and also of acidity, whichmarine cations, xNa, xMg, Hand labile Al. This
increases the positive charge of sesquioxidié certainly the case for xNa, time series which
surfaces (Johnson & Cole, 1980; Curtin &are often virtually the inverse of those for Cl (e.qg.
Seyers, 1990; Harrimaget al, 1995b). Therefore, Figures 5.8-5.12). For example, xNa values were
water rich in SQ and H" passing through the continuously negative for a year or more during
mineral soil during sea-salt events mayl989-1990 at Lochs Chon and Grannoch, Round
temporarily increase adsorption capacity, leadingoch of Glenhead, Llyn Llagi and Llyn Cwm
to retention of some marine $ince adsorbed Mynach, but continuously positive for
SQ, is replaced in the soil water by desorbe¢omparable periods during 1996-1997, when Cl
OH, the impact of this will be to partially offset was generally low. Cyclical variations in xMg,
the episodic acidification generated by catioCa, H" and labile Al are also evident in a large
exchange processes. The proposed mechanisniignber of time series, including the examples
illustrated in Figure 5.7. given in Figures 5.8-5.12. It appears therefore
that soil water concentrations, and the associated
A hypothesis of S@ retention during sea-salt cation exchange equilibria, adjust gradually over
events is supported by the observed inverdéme to changes in marine ion deposition. This is
correlations between x§@nd Cl, and also by consistent with previous observations of strongly
observations of individual episodes. During thelamped soil water and runoff ClI variations at
large January 1998 sea-salt episode at NarratBtynlimon (Reynolds & Pomeroy, 1988) but has
Brook, for example (Figure 4.14.2), Cl rose fromnot previously been identified with regard to sea-
250 to 480 peq-1 but total SQ remained salt effects on acidity.
constant. This implies that virtually all incoming
marine SQ was adsorbed by catchment soilsVariations in xSQalso show clear cyclicity. This
leading to an observed fall in x3®om 51 to 23 has already been noted in individual site
peq . At the coastal Loch Coire nan Arr anddescriptions (Chapter 4), with concentrations at
Allt na Coire nan Con, xS{devels have been many locations having risen following the 1990
observed to fall below zero during sea-sal€l deposition peak until around 1994 (Figure
events, and sea-salt episode data presented B@). The five year analysis of UKAWMN data
Harrimanet al (1995b) for a range of Scottish (Patrick et al, 1995) consequently identified
streams show a similar pattern of x3f@crease rising xSQ trends at a number of sites, but
leading to the peak of a sea-salt episode. Finallgigure 5.3 suggests that since 1994
many of the UKAWMN sites exhibit generally concentrations at most sites have fallen. Since
opposing long term cyclicity in Cl and x$0 deposition data for the same areas do not show
concentrations (e.g. Figures 5.8, 5.10, 5.1xomparable increases over the first half of the
5.12), consistent with the operation of a,SOmonitoring period (Chapter 2), it seems probable
adsorption/desorption mechanism over &hat the observed surface water xS&clicity
prolonged timescale. This is discussed furthenay have been driven by marine ion cycles, and
below. resulting adsorption/desorption. Effectively the
ratio between ClI and marine $0n runoff
fluctuates as the latter adsorbs and desorbs from
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Figure 5.8

Cl and correlated
non-marine
determinands, Loch
Chon

Figure 5.9

Cl and correlated
non-marine
determinands,
Round Loch of
Glenhead

Figure 5.10

Cl and correlated
non-marine
determinands,
Scoat Tarn
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Figure 5.11

Cl and correlated
non-marine
determinands,
Narrator Brook

Figure 5.12

Cl and correlated
non-marine
determinands, Afon
Hafren
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the soil, leading to an error in the calculation ofnfluence on European climate (e.g. Hurrell,
xSQ, based on fixed sea-salt ratios (Figure 5.7)1995; Rodwellet al, 1999). North Atlantic
weather systems are dominated by two ‘centres
Observations of the UKAWMN dataset suggesipf action’, the Iceland Low and the Azores High,
then, that a large number of sites experience lorgnd the NAO Index (NAOI) is quantified as the
term cyclicity in marine ion deposition, anddifference in surface pressure between these two
consequently in surface water levels of chloriddpcations. Pressure gradients and inter-annual
base cations, sulphate, labile Al and acidityariability tend to be greatest during winter,
Since this cyclicity appears to operate, in manjeading to the most pronounced weather
cases, over a timescale at least as great as thevanations at this time. For the UK, winters
years over which monitoring has been carriedharacterised by high values for the NAQI, i.e.,
out, there are two major implications for trendarge pressure gradients, are associated with
detection. relatively warm, wet weather, dominated by
strong southwesterly or westerly air flows.
First, there is the likelihood of identifying Occasional negative values represent a reversal
spurious trends using monotonic trend detectiopf pressure systems, where blocking highs over
techniques. Robson & Neal (1996) gave aRcandinavia or the northeastern Atlantic lead to
example in which seasonally varying datao|der winters dominated by northeasterly winds.
superimposed on a single sinusoidal cycle wergtorms, and hence sea-salt deposition, tend to be
mis-indentified as a significant trend using SKTmost frequent during high NAO conditions.
This problem has to a large degree bee@onversely, low or negative NAO winters are
overcome in the present study through the use g&sociated with dry, cold conditions, and low sea-
LOESS curves to visually identify cyclicity in sajt deposition. Unusually high winter NAOI
time series. However, the frequency with whicksalues were recorded during the late 1980s and
both SKT and regression detected significandarly 1990s, coinciding with the peak in surface
trends in Cl, Na, Mg and Ca, as noted ifyater Cl concentrations at the majority of
individual site descriptions, illustrate the need foyk AWMN sites. Lower NAOI values in more
caution in this respect. Apparent increases in pkbcent years have coincided with lower observed
and alkalinity at a number of sites were als@| concentrations, and overall there appears to be
linked to marine ion cycles rather than long terny strong correlation between NAOI and ClI
site recovery. (Figure 5.13). The second CI peak in northern
Scotland during 1993 coincided with a brief
The second problem for trend analysis is thgeriod of high NAOI, but Lamb Weather Indices
genuine, anthropogenically driven changes mayhavieset al, 1991) obtained from the Climatic
be obscured by climatically driven fluctuations inresearch Unit, University of East Anglia, show
marine ion deposition. In effect these can bghat this was associated primarily with westerly
considered sources of ‘noise’, along with flowrather than southwesterly airflows. Sites further
and seasonally-related variations, but due to thedguth on the UK mainland are thought to be
duration climatic cycles are less easy to isolatgartly sheltered from westerly storms by Ireland,
without a longer dataset than that currentlyng thus did not receive major sea-salt inputs at
available. Although relatively few sites in thethis time. This interpretation is supported by Cl
UKAWMN have exhibited clear xS{Ilecreases peaks at the two coastal Northern Ireland sites,
or pH/alkalinity increases, it is thought thatBeagh's Burn and Coneyglen Burn concurrent

underlying improvements may have beeRyith those in northern Scotland (Figures 4.19.2f,
obscured by climatic factors, and that these may 22 2f).

become apparent after further monitoring.

In recent decades the NAO has shown
approximately decadal cyclicity. Although it
appears that only one major NAO ‘cycle’ has

h h Atlantic Oscillati NAO) h occurred during the ten years of UKAWMN
The North Atlantic scl ation ( _) as monitoring, an earlier high NAOI period was
recently been recognised as an important

5.3.5The North Atlantic Oscillation as a
controlling mechanism
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Figure 5.13

a) Chloride
concentration time
series for Dargall
Lane (1988 - 1998)
b)Monthly North
Atlantic Oscillation
Index (NAOI)
(December - March
only) (1988 - 1998)
c¢) Scatter plot of
temporal
relationship
between CI
concentration at
Dargall Lane and
NAOI for the
previous month.
Data are for winter
NAOI only (i.e.
December - March)
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Figure 5.14

Variance in NO3
concentration
(standardised by
the site mean)
for 5 UKAWMN
lakes (1988 -1998)
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recorded during 1983-1984. In Chapter 6, datelimatic variations, has not previously been
are presented for five sites in Scotland and Walescognised as an influence on surface water
where monitoring extends back to this periodchemistry. The major impacts appear to be that;
and it appears that this NAOI peak was agaifa) acid anion concentrations are reduced during
accompanied by high Cl concentrations. Theskigh Cl periods, partially offsetting acidification
data also support an inverse relationship betwe@aused by cation exchange processes; and (b) the

xSQ, and Cl over a longer time period. ratio between marine S@nd ClI in runoff varies
in time, generating an error in the calculation of
5.3.6 Summary non-marine S@based on fixed sea-salt ratios.

Long term cyclicity in a wide range of surfaceAlthough the sea-salt effect has previously been
water determinands has been observed at mathought of as an episodic process, the long term
of the UKAWMN sites, and can be linked tocyclicity observed in the UKAWMN data suggest
inter-annual variations in sea-salt deposition. It ithat effects may be sustained over prolonged
thought that this variability in deposition is theperiods in the UK. The presence of climatically
result of natural climatic fluctuations, probablydriven cyclicity in determinands such as pH and
driven by the North Atlantic Oscillation. ChangesxSO, has important implications for trend
in marine ion inputs affect surface waterdetection in coastal regions of the UK and
chemistry through the sea-salt effect, wherebglsewhere, indicating that monitoring periods in
marine-derived Na and Mg displace non-marinexcess of ten years are required in order to clearly
H+, labile Al and Ca from the soil. In mostidentify the effects of anthropogenic emission
instances this leads to the transient acidificatioohanges on acid-sensitive surface waters.

of runoff, although the relative extent to which . .

individual non-marine cations are displacedll 54 C|ImatIC |nﬂuenCES on

appears to vary depending on catchment sqjl,. . .

properties. There is also evidence to suggest tflb“trate Vanatlons

adsorbtion of SQis enhanced during periods

when sea-salt inputs are high, while desorbtiofPatially, mean N@ concentrations in
occurs when inputs are low. This transient soW KAWMN  freshwaters show a positive
retention and release of 50”1 response to relationShip with N depOSition (See Section
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~3  Figure 5.15

) The relationship
between the mean
of standardised
March NO4
concentrations for
9 UKAWMN lakes
(+/- 1 standard
deviation), and the
mean January-
March NAO Index,
1989-1998

From: Monteith et
al. (in press).
© John Wiley &

1989 1991 1993 1995 1997 Sons Ltd.

Year

—o— Mean Jan-Mar NAO Index

--o--Mean standardised NO3 concentration (white hatching = +/-1 sd)

5.1.2). However, over the past decade, temporaériables. Rainfall time series were rejected as
variation in NQ concentration, often strongly potential explanatory variables, since temporal
correlated between sites, shows little relationshipariation in precipitation has been highly variable
with temporal patterns in N deposition. Nédn- across the UK over the past decade. Analysis
centrations usually peak in the spring, and sinaherefore focused on mean monthly air
lakes are only sampled quarterly, March sampleésmperature, taken from the Central England
from lakes tend to represent the annual maxiFemperature Record (CET) (Hulme, 1999),
mum. Figure 5.14 demonstrates that for moswhich is highly correlated with air temperature
lake sites, N@ concentrations were relatively records for sites across the UK, and the North
high in the March samples of 1991 and 1996Atlantic Oscillation Index (NAOI) (see section
NO; peaks at monthly sampled stream sites us®-3.5) which is increasingly being shown to
ally occur between December and March antkpresent variations in UK climate at the regional
again, for several sites, these peaks are relativedgale.
elevated in the springs of 1991 and 1996 (Figure
5.2). Similarity between UKAWMN lakes in NO
time series is demonstrated in Figure 5.14 which
Interannual variation in N9concentration has compares lake concentrations standardised by the
been observed in a number of studies in recesite mean. Atypically, the seasonal N@aching
years. Several climatic parameters have begmattern at Lochnagar changed abruptly in 1993
proposed to explain this phenomenon, includingsection 4.4) and this site was removed from
summer drought (Reynolds al, 1992), summer further analysis as a statistical outlier. Blue
temperature (Murdoclet al., 1998) and winter Lough was also removed due to the relatively
freeze thaw (Mitchellet al, 1996). Given the short time series available. The mean of the
strong correlation between the Bltine series of standardised variance of March RNO
most UKAWMN lakes, Monteittet al. (in press) concentration for the remaining nine lake sites
adopted a meta-analysis approach (ie. reducingas strongly and inversely correlated with the
NO; time series for a group of sites to a singlenean January to March NAOI (linear regression:
variable) to explore possible relationshipg? = 0.90P< 0.0001; Spearman Rank correlation:
between NQ@ concentration and climatic r2 = 0.85 p<0.001)(Figure 5.15). The latter
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correlation demonstrates that this relationship isiight restrict terrestrial uptake, hence
not simply driven by a chance coincidence ofmaximising potential leaching into freshwaters.
extreme values for concentration and NAOI in

two years (1991 and 1996). Winter temperaturEurther work is necessary to elucidate the precise
has been shown to be closely related to winterature of the link between NQoncentrations
values for the NAO (Hurrel, 1995) and thisand the NAO. However, it would appear that
relationship appears to link high N@aching NO; leaching from these systems is strongly
with cold winters. Indeed, mean standardisethfluenced by a regional to global scale climatic
March NG, is also significantly and inversely process, and this has to be carefully considered
correlated with mean January to March CEWhen assessing temporal trends and their likely
(linear regression:2r= 0.61 p<0.01) and mean causes.

December to March CET (linear regressidisr

0.67 p<0.01). m 55 Influence of Forestry on
Similar relationships hold for UKAWMN stream Surface Water ChemiStl‘y

sites although, given the greater between-site
temporal variability in N@ concentration, a The UKAWMN contains three sets of ‘paired’

meta-analysis  approach was  deemetprest and moorland catchments. These are Loch
inappropriate_ N@ time series for month|y Chon and Loch Tinker in the Trossachs (3 km

sampled stream sites demonstrate how the timirgpart), Loch Grannoch and Round Loch of
of peak concentration varies between years. F&lenhead in Galloway (14 km), and the Afon
several stream sites the strongest relationshiptafren and Afon Gwy in Mid Wales (3 km).
with climatic variables were found between thefable 5.6 summarises catchment characteristics,
annual peak NQand mean December to Marchand shows that geology and soils are largely
NAOI. similar for each pair. Differences do exist in the
lake and catchment sizes of the two Scottish

As an independent test of the NRAO Pairs, and in the altitude of the Trossachs pair,

relationship the authors also analysed thehich may cause differences in surface water

eighteen year record available for the Afon Gwychemistry that are unrelated to forestry.

which has been monitored as part of thdNevertheless all three pairs are felt to be

Plynlimon experiment (Reynoldet al, 1997). sufficiently similar that a general assessment of

Again, the relationship between peak winterjNoforest impacts on runoff chemistry can be

and mean December to March NAOI was highlyndertaken.

significant. Although the r_elat|onsh|p appears t%.S.l Loch Chon and Loch Tinker

reflect an effect of low winter temperatures on

high NO,; leaching, the mechanism is as ye . :
9 O g . y t;I'he two Trossachs lochs drain adjacent

unclear. The correlation between on-site

. . catchments, with the same underlying geology.
measured air temperature and \¥Oncentration ' . .
P However Loch Chon is at lower altitude, has a

in the longer Afon Gwy dataset is relatively .
. . larger catchment and lake area, and soils have a
weak. However a strong relationship was found. . )
. - igher mineral content than at Loch Tinker. Mean
between the number of days with grass minimum ) . .
o . chemistry data (Table 5.7) and time series
temperature <=-4° c¢ and peak winter NO

. . . Figure 5.16) show substantial differences
concentration. It is possible that for the G . .
P WyE)etween the two lochs; Loch Chon is consistently

catchment, this temperature is associated with @ . ) . i .
. L .more acidic, with higher acid anion and
critical threshold for freezing in the upper soil . . .
. . - aluminium levels. Ca concentrations are similar,
horizons, which could have a biocidal effect on

S . . suggesting that differences in catchment base
soil microbial biomass, and cause damage to 99 9

lant roots and changes in soil organic mattecation supply are not important, although higher
P o . g g . DOC levels at Loch Tinker reflect the dominance
Thawing in spring could then make the resultln%f organic soils in this catchment. The higher

lysis products available for mineralisation, while .

ysis p 8(504, NGO; and CI concentrations at Loch Chon
low temperatures and frost damage to plants

are thought to result from enhanced dry and
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Figure 5.16

Water chemistry
time series for the
forested : moorland
pair, Loch Chon and
Loch Tinker
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Figure 5.17

Water chemistry
time series for the
forested : moorland
pair, Loch Grannoch
and Round Loch of
Glenhead
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Table 5.6

Characteristics of paired forested and moorland catchments

Site Forest Geology Soils Min. Catchment lake
(%) Altitude Area (ha) Area (ha)
(m)

Loch Chon 44%  Mica schists Peaty gleys, 100 1570 100
and grits peaty podzols

Loch Tinker 0% Mica schists Peat 420 112 11
and grits

Loch Grannoch 70% Granite Peat, peaty 210 1287 114

podzols, peaty gleys

Round Loch 0% Tonalite, Peat, peaty podzols 295 95 13
granite

Afon Hafren 50%  L.Paleozoic  Peat, stagnopodzols 355 358

sedimentary
Afon Gwy 0% L. Paleozoic  Peat, stagnopodzols 440 210

sedimentary

occult deposition of marine and pollutant ions td.och Grannoch has a larger lake and catchment
the forest canopy (Mayer & Ullrich, 1977). Meanarea than Round Loch. Chemical differences
NO; concentrations in particular are a factor obetween the two sites are very similar to those
four times higher than at Loch Tinker, where thdetween Lochs Chon and Tinker, with X580,
majority of samples are below detection limitsand CI all higher at the forested Loch Grannoch
(Figure 5.16d). N@ at Loch Chon only fell (Table 5.7). Time series (Figure 5.17) indicate
below detection limits once during thethat higher xS@ and CI levels are sustained
monitoring period, suggesting that afforestatiothroughout the year, whereas Nédncentrations
has caused increased N leaching at thiare very similar to those at Round Loch during
catchment. The combined impact of elevatedummer but rise to much higher peaks during
xSQO, and NG at Loch Chon has been to causevinter. This suggests that elevated N inputs to
significant additional acidification, with Loch Grannoch are largely retained during the
estimated reductions of 0.5 pH units and 14 pegrowing season, but washed out during the
I-1 of alkalinity (Table 5.7), and a major dormant season. Although both lochs are acidic,
associated increase in levels of labile Al. Thesthe higher pollutant anion concentrations at the
conclusions are supported by aforested site have led to consistently lower pH
palaeolimnological study by Kreiseet al and alkalinity, and much higher labile Al. Higher
(1990), which suggests that pH values droppe@a and Mg at Loch Grannoch may be due to
rapidly at Loch Chon following catchment displacement from the soil by incoming"Hor
afforestation in the 1950s, whilst pH at Lochsimply to a greater weathering supply in this
Tinker remained relatively constant over thecatchment.

same period.

A notable feature of time series data for the
Galloway lochs is that, whereas the Round Loch
may have shown a slight improvement in pH

.over the monitoring period, Loch Grannoch
The Galloway lochs are ge”efa"Y comparable Iappears to have acidified further since 1988.
terms of geology, soils and altitude, although

5.5.2 Loch Grannoch and Round Loch of
Glenhead
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Figure 5.19

Water chemistry
time series for the
forested : moorland
pair, Afon Hafren
and Afon Gwy

298 m
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Neither trend was significant in the original trendochs. Results for the two Plynlimon streams are
analysis, but a Seasonal Kendall analysis of theonsistent with those of a previous study
difference in K concentrations between sitesincluding the Gwy and Hafren by Reynoletsal
shows a highly significant increase, of around 0.81986), which showed that Na, Cl, DIO;, Al
peq t1 H* per year (Figure 5.18). This supportsand H" output fluxes were enhanced by forestry.
the earlier suggestion that forestry at Loch

Grannoch is causing a continued deterioration iR->-4 Summary

water quality.
The three sets of closely located forest and

5.5.3 Afon Hafren and Afon Gwy moorland catchments in the UKAWMN suggest

a consistent pattern of water chemistry response
The Hafren and Gwy catchments are very similao afforestation. In each case, the forested site
in all respects other than land-use, and arexhibits higher concentrations of xgMIO; and
therefore well suited to an assessment of forestpgarine ions, lower pH and alkalinity, and higher
impacts. As in the Scottish catchment pairdabile Al. Afforestation has previously been cited
concentrations of xXSQONGO; and Cl are higher at as a cause of increased acidification in a range of
the forested Hafren (Table 5.7, Figure 5.19)studies (e.g. Nilssoet al, 1982; Stoner and Gee,
Differences in NQ time series are particularly 1985; Jenkinset al, 1990), with the main
striking, since concentrations at the Gwymechanisms thought to be enhanced dry and
consistently fall below detection limits during occult deposition to the forest canopy (Mayer &
summer, whereas those at the Hafren remaulirich, 1977); base cation uptake from the soil
continuously elevated (Figure 5.19d). Thesgy the growing forest (Miller, 1981); and
patterns conform to Stage 1 and Stage 2 MNecreased water yield concentrating pollutants in
saturation respectively as defined by Stoddarsurface waters (Nealet al, 1986). The
(1994) (Section 5.1.2). Since there are no othémportance of uptake appears to be low at the
major differences between sites, it is probablefKAWMN sites, since non-marine base cation
that the more advanced N saturation stage at teencentrations are generally at least as high at
Hafren can be attributed to the effects oforested as at moorland catchments. However,
afforestation. As would be expected given th¢orests in the UKAWMN catchments are
higher xSQ and NQ levels, the Hafren is more generally at or close to maturity and it is probable
acidic, with lower pH and higher labile Al that uptake was more important in the pastgNO
concentrations. However differences betweenptake is also likely to have been higher in the
streams, particularly for alkalinity, are lesspast when biological requirements were greater
pronounced than in the Galloway or Trossach@&Emmettet al, 1993).
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Table 5.7

Mean values of major chemical determinands for paired forested and moorland
catchments

SITE Alkalinity pH xSO, NO; CI Ca Mg Na Al, Non- DOC
labile Al
Loch Chon (F) 48 56 49 12 223 78 51 191 20 40 32
Loch Tinker (M) 18.8 61 39 3 163 85 48 143 3 18 4.7
Loch Grannoch(F) -139 46 72 17 257 48 54 223 225 81 43
Round Loch (M) 6.1 49 47 7 195 33 46 174 60 35 30
Afon Hafren* (F) 55 54 62 21 205 44 65 188 105 80 20
Afon Gwy (M) 59 56 48 11 159 40 54 146 56 57 21

* Means for Afon Hafren based on April 1991 to March 1998 data, corresponding to shorter record at
Afon Gwy. (F) = forested; (M) = moorland. All variables in peq I except pH, Al (ug 1) and DOC (mg I'2).

Table 5.7 demonstrates that mean xSO sites, indicative of advanced stages of nitrogen
concentrations are 26%, 53% and 29% greater atsaturation.

Loch Chon, Loch Grannoch and the Afon Hafren

respectively, than their moorland pairs. The Relationships between deposition and surface
equivalent increases in Cl are 37%, 32% and water chemistry are complicated by a range of
29%, whilst NQ is increased by a factor of catchment-specific factors. A comparison of
between two and four. The disproportionately paired moorland and forest catchments
large increases in NGsuggest that enhanced N supports the conclusion that afforestation
inputs have increased the degree of N saturationcauses increased $@nd NQ concentrations

in forested soils, and this is supported by in runoff, and hence greater acidity. Catchment
seasonal N@ patterns at forested sites altitude also appears to be an important
characteristic of more advanced saturation influence on N leaching, whilst variation in
stages. It should be noted that since none of thegeological buffering capacity further
three forested catchments has been planted ovecomplicates spatial patterns in pH and
more than 70% of its area, an entirely forested alkalinity.

catchment would be expected to show even

larger increases in acid anion concentrations, andTemporal trend analysis suggests limited

hence greater acidification. chemical recovery at UKAWMN sites during
the last decade. Decreases in xS@ere
m 506 Summary restricted to the River Etherow, Lochnagar and

Old Lodge, all in central/eastern locations with

« Spatial variations in water chemistry appear relatively high dry deposition inputs. The lack
generally consistent with deposition; Of downward trends elsewhere may result
concentrations of xS{are lowest at relatively ~ from; (a) smaller S deposition reductions in
unimpacted northwestern sites, and highest in areas dominated by wet deposition; (b) high
more polluted southern and eastern areas, NO short term variability masking relatively small
variations are similar, ranging from near-zero expected decreases; (c) inter-annual xSO
concentrations at low impacted sites to fluctuations linked to climate, specifically
substantial leaching at some higher deposition Variations in sea-salt inputs; and (d) possible



desorption of sulphur stored in catchment soils.
Since the mid-1990s, xSCappears to have

declined at a larger number of sites, which may
indicate the start of more widespread recovery.

In accordance with the lack of widespread
xS0, reductions, few sites exhibit clear
recovery in pH and alkalinity. At the three sites
with declining xSQ, NO; has increased, and at

Chapter Five

decomposition of soil organic matter due to
increasing summer temperatures. This
mechanism would, under a scenario of
increasing global temperatures, be expected to
lead to further increases in DOC and colour
levels in upland waters. The biological impacts
of these changes are likely to be varied,
including reduced light penetration due to
increased water colour, and reduced fish

the Etherow and Old Lodge base cations have toxicity under acidic conditions due to organic

decreased. In addition, organic acidity (i.e.

DOC) has increased at all three sites. These

complexation of aluminium.

changes appear so far to have offset amy Inter-annual cyclicity in sea-salt deposition

positive impact of xS@ reductions. At
Lochnagar, NQincreases have been sufficient
to cause continued loch acidification. At all
sites, it appears that chemical recovery will
require substantial further reductions in S and
N deposition.

Significant increases in pH and alkalinity were

appears to be a major cause of chemical
variation in the UKAWMN dataset. The
majority of sites are close to western or
southern coasts, and receive large sea-salt
inputs during westerly or southwesterly frontal
storms. The frequency of these storms has been
shown to vary substantially from year to year,
with maxima associated with high winter

observed at six and four sites respectively, but values of the North Atlantic Oscillation Index.

in the absence of downward trends in acid
anion concentrations it is not possible to
confidently attribute these changes to
deposition reductions at this stage.

Increases in N@at Lochnagar, Round Loch of
Glenhead, Loch Chon and the River Etherow

Marine ion concentrations at near-coastal sites
have therefore shown highly consistent cycli-
cal variations, with a major peak during the
high NAOI 1989-1991 period. Cation
exchange processes (the ‘sea-salt’ effect) have
led to associated cyclical variations in non-
marine cations, including Hand labile Al,

suggest increasing N saturation at these generating more acidic conditions in high sea-

catchments. However, direct links between N
deposition and runoff at many sites may be

salt years. Periods with high NAO Index are
also associated with high rainfall, and this will

masked by natural episodicity, seasonality and also increase acidity through cation dilution. It

climatically-driven inter-annual cyclicity. It is
believed that spring NOmaxima in surface
waters may be inversely related to winter
temperature, with variations driven by the
North Atlantic Oscillation.

Major increases in DOC concentrations have
been observed at many sites; significant rising
trends have been identified at 19 of the 22
UKAWMN sites, with concentrations at six

sites having doubled or more during the last
decade. These trends are of particular
importance to the UKAWMN, since increases
in organic acidity could reduce or even negate
any increases in pH or alkalinity resulting from
reductions in mineral acidity. At present the

is suggested that a parallel process of marine
SO, adsorption and desorption may operate,
leading to cyclical fluctuations in calculated
XSO, that are unrelated to variations in pollu-
tant S deposition.

Climatically-driven cyclicity in important
chemical variables, such as xgNO;, and

pH, has important implications for trend
detection. Cyclical variations may either mask
underlying, anthropogenically-driven trends,
or generate spurious trends. The approximately
decadal timescales over which these variations
appear to operate imply that monitoring will
need to operate over long periods in order to
adequately assess the impact of anthropogenic

cause of these increases cannot be identifiedfactors on surface water quality.

with confidence, although one proposed
mechanism is the increased microbial
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Comparison to Longer Term Datasets

Chris Evans,
Ron Harriman &
Brian Reynolds

Prior to the creation of the UKAWMN in 1988, fenunsampled periods from January 1982 to March
upland surface waters in the UK were regular 1983, and from May 1984 to October 1985. From
monitored. However a limited number of gooi1986 to the present, samples have been collected
quality datasets, some going back to the late 197on a weekly basis.
do exist for several areas of Scotland and Walt
Some of these sites were subsequeniThe most striking feature of time series for the
incorporated within the UKAWMN, while othersCaorainn Achaidh Burn (Figure 6.1) is a marked
continue to be monitored independently. Togeth«decline in sulphate concentrations, which is
they provide an invaluable resource both fcconsistent with the declining trend reported by
critically assessing the intrepretation of thHarriman et al. (1995a). Between 1979-1982,
UKAWMN data in the preceding chapter, and fcmean xSQwas 115 peqd, but by 1996-1998 this
placing the chemical changes observed in this thad more than halved, to 53 peq Virtually all
year dataset into a longer term context. In tithe decline took place prior to 1989, since when
following sections, data are presented for fivconcentrations have remained relatively constant.
representative sites in central and southwest¢These patterns of variation are consistent with the
Scotland, and in mid-Wales. Analysis of this datnear-constant xSQlevels observed from 1988-
has been limited to visual interpretation, an1998 at the nearby Lochs Chon and Tinker, but
should therefore be considered as a preliminesuggest that large x§®@eductions may well have
assessment. occurred at the two UKAWMN lochs before

sampling began. Despite the change in x8Qhe
Data for seven determinands (pH, S50, NO;, Caorainn Achaidh Burn there is little evidence of
Cl, Na and Ca) are shown for all sites (Figures 6.an increase in pH, possibly due to large, short term
6.4 & 6.5), whilst either DOC or a comparablepisodic variation at this steep, flashy catchment.
measure (total organic carbon, TOC, <NOzappears to have experienced large inter-annual
absorbance) are shown depending on devariations in peak concentrations, perhaps linked to
availability. Methods of alkalinity measurement dclimatic factors (Section 5.4), but there is no
not appear to have been consistent between siindication of an overall rising trend.
and are not included.

Variations in Cl and Na closely match those at

. . Lochs Chon and Tinker, with peaks in 1989 and

n 61 Caoralnn AChaIdh Bum 1993, but in general peak concentrations are very

much higher, and background concentrations
The Caorainn Achaidh Burn (Loch Ard: Burn 2somewhat lower. This variability may again reflect
has been monitored since 1979 by the Freshwethe steep, thin soils of the catchment which
Fisheries laboratory (FFl), Pitlochry, as part of th(together with the absence of a lake) provide
Loch Ard group of streams (Harriman & Morrisonlimited storage of water between rain events.
1982; Harrimanet al, 1995a). The steep 5 Rm Although there appears to be some year-to-year
catchment drains the northern slopes of Bevariability in marine ion concentrations, the impact
Lomond in central Scotland, and the samplirof sea-salt inputs may largely be restricted to
point is approximately 3 km west of the Loch Choepisodic timescales, rather than the significant
UKAWMN site. Land-use is predominantlyinter-annual cycles observed at the less
unimproved moorland, with a small area chydrologically responsive UKAWMN catchments.
deciduous woodland in the lower valley. Th
stream was sampled once or twice per month prFinally, although monitoring of DOC only began
to 1986, although there were two substantiduring late 1985, there has since been a very
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Figure 6.1

Long term trends,
Caorainn Achaidh
Burn

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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marked and approximately linear increase at thisequency. (UKAWMN sampling during this
site. This is highly consistent with observationgime took place quarterly).

at the Trossachs lochs and elswhere in the

UKAWMN, suggesting that organic carbonlLong term data for Round Loch (Figure 6.2)
concentrations began rising some time prior tshow a major decline in S@oncentrations. As
the creation of the UKAWMN, and that changesat the Caorainn Achaidh Burn, virtually all the
do not simply reflect a short term fluctuation. decrease appears to have taken place before

UKAWMN monitoring began in 1988. However,
B 6.2 Round Loch of Glenhead  at Round Loch, this change appears to have been

accompanied by a rise in pH levels, indicating
Round Loch of Glenhead, Galloway, is a peat@Vverall chemical recovery and this is consistent
moorland site forming part of the UKAWMN With palaeoecological evidence from diatom pH
(Section 4.7), and has been monitored by FEfconstruction that some recovery had taken
since 1979. Prior to 1988 sampling wadlace at the site by the late 1980s (Battartee
intermittent, with three samples collected in 197¢!-, 1988). A very clear cycle in Cl and Na,
and one to three per year from 1984 to 19gPeaking in 1990-1991, matches that observed in
From 1988 onwards, sampling has beethe UKAWMN data, and there appears also to

maintained at approximately a monthlyhave been an earlier peak in 1984. Ca
concentrations are moderately correlated with Na
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and Cl, and some inverse correlation betweethe Solway River Purifaction Board (Leesal,
xSQO, and Cl is evident from 1988 onwards. 1989). For this study, stream chemistry data for
1983 to 1998 have been obtained from the
Monthly data for Round Loch confirm that NO Scottish Environmental Protection Agency
has risen substantially since 1988. Howeve(SEPA), South West Region. Samples have been
relatively high concentrations earlier in thecollected at weekly intervals throughout this
record argue that this rise may not be driven bifme, and since this monitoring has taken place
catchment nitrogen saturation, and instead mageparately from UKAWMN monitoring at the
be linked to climatic fluctuations. The increase irsame site (Section 4.9), this dataset provides an
DOC observed in the UKAWMN data is shownexcellent validation, as well as an extention, of
to have occurred more or less linearly sincthe UKAWMN data. An analysis of trends at

sampling began in 1984. Dargall Lane and adjacent sites was undertaken
by Langanet al (1997), and indicated a
m 6.3 Darga” Lane reduction in xS@ no trend in pH or N and

strong inter-annual cyclicity in sea-salt ions.
Dargall Lane, a moorland catchment containing a
mixture of podzols, peaty gleys and blankefime series (Figure 6.3) support these findings,
peats, has been monitored since the early 198@glicating that SQ and xSQ have declined at
as part of the Loch Dee Project, coordinated bargall Lane, although to a somewnhat lesser
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Figure 6.3

Long term trends,
Dargall Lane

Smoothed line
represents LOESS
curve

(Section 3.1.2)
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degree than at the preceding sites. There is wei< 6 4 Afon Hafren
evidence for an increase in stream pH, which '

may to some extent have been masked by Iarq.%e Afon Hafren. in mid-Wales. is a

episode-scale variations. Cyclicity in Cl and N"’bredominantly forested catchment containing a

is clearly evident, indicating that climatically mixture of peaty podzols and peats, and has been

driven fluctuations in sea-salt inputs have a majqr - itored as part of the UKAWMN since 1988
influence on stream chemistry. The 1990 peak iféection 4.17). Additional sampling of this

these ions is consstgnt with that ppserved in ths%ream has been carried out by the Institute of
UKAWMN data, with an additional peak

i 1983.1984. Both Cl K Hydrology on a weekly basis since 1983. A
apparent  in = ' ot p(_aa easonal Kendall analysis of data for 1983-1993
correspond to periods of low x%Oand in

; . . was undertaken by Robson & Neal (1996), who
general there is a good inverse CorrEIat'O{bentified an increasing trend in DOC, and

between thesg anions. No overall trends ariﬁversely related fluctuations in Cl and x5O
observed for either N{br Ca, a]though the latter The 1983-1998 data presented here (Figure 6.4)
appears weakly correlated with Na and Cl. Ar};lre consistent with these observations, indicating

apparent increase in absorbance over ”}ﬁat DOC has continued to rise throughout the 15

mopi'_toring per?od is consistent with observation@ears. Very pronounced cyclicity is observed for
of rising DOC in the UKAWMN data. Cl, Na and xSQ with Cl peaks in 1984 and 1990



Chapter Six

(b) Sulphate Flgu re 6.4

160
140 Long term trends,
6 2 120 Afon Hafren
i g100
= .
5 . Smoothed line
8
represents LOESS
€0 | curve
1984 1986 1988 1990 1992 1994 1996 1998 1984 1986 1988 1990 1992 1994 1996 1998 (Section 3.1.2)
(c) Non-marine Sulphate (d) Nitrate
150 :
<
T 100
Q
3
50
1984 1986 1988 1990 1992 1994 1996 1998 1984 1986 1988 1990 1992 1994 1996 1998
(e) Chloride (f) Sodium
350 R v
0 ‘ :
0 i : :
300{ 0 g ; ~
= 250 i %v
=5 9
200 é
150 fot
; g
1984 1986 1988 1990 1992 1994 1996 1998 1984 1986 1988 1990 1992 1994 1996 1998
(9) Dissolved Organic Carbon (e) Calcium
6
<
5 4
£
2
0

1984 1986 1988 1990 1992 1994 1996 1998 1984 1986 1988 1990 1992 1994 1996 1998

corresponding to xS@ninima, and also to the Cl Reynolds et al, (1997), who identified a
peaks observed at Dargall Lane. There is littlsignificant decrease in x§Cand increases in pH
evidence of an overall decline in xg@t the and DOC.

Hafren, and together with high levels of episodic

variation this may account for the lack ofThe 1979-1998 data presented here (Figure 6.5)
detectable recovery in pH. There are also no cleaxpand only slightly on those analysed by

trends in either NQor Ca. Reynoldset al (1997), and their findings remain
applicable. Although sulphate data appear rather
m 65 AfOI’] Gwy noisy in the early part of the record there has

clearly been a decrease over the monitoring
The Afon Gwy, a moorland catchment with peatyperiod, and this has been accompanied by a
podsol and peat soils adjacent to the Hafren, hagbstantial rise in pH. However, as at other sites,
been monitored by the Institute of Terrestriamost of the change seems to have occurred
Ecology since late 1979. Apart from missing dat&luring the early to mid 1980s. Pronounced
during 1982, the stream was sampled weeklgyclicity in Na and Cl is observed throughout the
until 1990, and monthly thereafter. The sitgecord, and as at other sites the main peaks
became part of the UKAWMN in April 1991 appear to have occurred in 1984 and 1990-1991.
(Section 4.18). A Seasonal Kendall trend analysisarge variations in annual peak NO
was undertaken for the 1980-1996 dataset Bgoncentrations have also been observed, but there
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Figure 6.5

Long term trends,
Afon Gwy

308m

(b) Sulphate
7
6
T
o
5
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998
(c) Non-marine Sulphate (d) Nitrate
200
150
o <
= 100 =
7] Q
=5 =5
50
0
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998
(e) Chloride
300
< 250
g
S 200
150
100
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998
(g) Dissolved Organic Carbon (e) Calcium
8
6
s 4
1S
2
0

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998

is no overall trend. DOC concentrations appear to long term variation, although an increased
have risen, although as indicated by the frequency would allow a more sensitive
UKAWMN trend analysis the magnitude of this detection of trends.
change has been relatively small.
« It appears that the relatively stable %SO
[ | 66 Summary concentrations observed during the 1988-1998
period of UKAWMN operation are not
Based on the five sites considered here, thenecessarily representative of longer term
following general conclusions can be drawn with trends. Most of the sites considered here
regard to the interpretation of UKAWMN data in exhibited large xS@ reductions during the
the preceding chapter. early to mid-1980s, corresponding to large
deposition reductions at this time (RGAR,
« Where higher frequency datasets exist for 1997). At a number of sites, an associated pH
UKAWMN sites (Dargall Lane, Round Loch increase has been observed. Since the mid-
of Glenhead, Afon Hafren and Afon Gwy), 1980s, there has been little further decline in
these correspond well with UKAWMN data. Sulphur deposition at these sites (Chapter 2),
This suggests that the current UKAWMN sam- all of which are in west coast locations, remote
pling frequencies (monthly at rivers, quarterly from major emission sources. However future
at lakes) adequately capture overall patterns of reductions in sulphur deposition on a similar



scale to those observed in the early 1980s canintrepretation that long term, monotonic
be expected to lead to further decreases inincreases are occurring at many UKAWMN
surface water xS§ and subsequently to Sites.

increases in pH.

Climatically driven cyclicity in marine ions is
observed in varying degrees at all five sites.
The large 1990 peak observed at many
UKAWMN sites occurs in all longer term
datasets, in addition to which a peak of similar
magnitude can be identified for 1983-1984.
Like the 1990 peak, this corresponds to a peak
in the winter North Atlantic Oscillation and can
be attributed to an increased frequency of
westerly storms at this time. The presence of
this earlier peak implies that levels of climatic
and chemical variability observed in the 1988-
1998 data are probably typical over the longer
term. Additional peaks in marine ions observed
at the Caorrainn Achaidh Burn are consistent
with those observed at the two Trossachs
UKAWMN sites.

In general, the inverse relationship between
marine ion and xSgconcentrations suggested
by the UKAWMN data is strongly supported.
This climatically driven fluctuation in
calculated xS@is believed to be driven by
short term adsorption and desorption of marine
SO,, which leads to an overestimate and
underestimate of the marine SGomponent
respectively (Section 5.3.4) and is effectively
superimposed on longer term, deposition
driven trends.

No trends are observed in BGndicating that
catchment soils and vegetation continue to
immobilise a high proportion of N inputs. It is
uncertain whether continued N deposition will
ultimately cause increased NQeaching,
which might counteract any improvement in
runoff acidity resulting from xSpdecreases.
Large inter-annual variability in NQlinked to
climatic factors, demonstrate the need for
continued high quality long term monitoring if
evidence of nitrogen saturation is to be
detected against a background of natural
fluctuations.

All five sites exhibit increases in DOC or a
comparable determinand, supporting the
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Biology Discussion

Don Monteith

m [ntroduction

Palaeoecological records and bio-monitorinseveral groups of freshwater organisms which do
provide convincing evidence that freshwatenot leave strong fossil evidence and stream systems
acidification has resulted in detrimental change ‘do not possess any sediment record. Historical and
aquatic biota through the loss of sensitive taxa a palaeoecological evidence alone is therefore
a general reduction in diversity (e.g. Battarle¢e insufficient to directly infer how sensitive
al., 1990; Schindleet al, 1989; Ruttket al, 1990; freshwater ecosystems, as a whole, have been
Muniz, 1991; Jeffries, 1997). Emissions reductioimpacted by acidification. Consequently it is also
policy is aimed at reversing the chemical effects wunclear how these systems might respond
acidification, in order to improve biological statusbiologically if and when their environments begin
and perhaps even to restore ecosystems to a [to recover chemically.

impacted condition. However, evidence fo . L .

chemical and biological recovery froml 7.1 Spatlal aC|d|ty'b|0logy

acidification, even at the international scale, is sti . .

fairly limited and it is far from clear how aquaticrelatlonsmpS

biota in acidified upland waters in the UK migh
respond to improving conditions. An alternative approach to understanding

acidification impacts at the ecosystem level, is to

Some of the strongest evidence for a biologicUs€ monitoring data to make biological

response to chemical recovery comes from lakes€omparisons of sites across an acidity gradient.
the heavily impacted Sudbury area of Ontari¢Clear spatial correlations have been demonstrated

Canada, where marked chemical improvemerbetween freshwater fauna and flora and acidity in
followed major reductions in local smeltefmany studies (e.g. Harriman and Morrison, 1982;
emissions (Gunn & Keller, 1990). Here, aci(Townsendet al, 1983; Robertset al, 1985;
sensitive species of phytoplankton, zooplankto Flower, 1986; Ormerocet al, 1987). In the
and macroinvertebrates have re-invaded following Sections (7.1.1-2) we present a
increased in abundance as lake pH has increa-descriptive overview of the relationship between
(Gunn & Keller, 1990; Nichollst al, 1992; Locke monitored biological characteristics and acidity for
et al, 1994; Griffiths & Keller, 1992). UKAWMN sites only. It is important to note that

Experimental studies have also demonstrated ttalthough acidified, palaeoecological records
an increase in pH is usually followed bydemonstrate that some UKAWMN lakes are
colonisation of more acid sensitive Specie,naturally moderately acid. In addition, the sites
However, time lags are usually observed, and thediffer in many attributes other than acidity such as:
is some evidence that biota of more acidifieother aspects of chemistry, substrate, altitude, and
systems take longer to respond, while the nein the case of lakes, size, depth and exposure to

community may not resemble the pre-acidified orwind, and these are also important in determining
(Jeffries, 1997). biological properties. The ecosystems of the less

acid sites, therefore, do not necessarily provide

There is rarely any inventory available to tell ugood analogues for the pre-industrial condition of
what has been lost from acidified freshwater.the more acid sites. Analysis of integrated physio-
Fossil remains in lake sediments do howevichemical and biological datasets for a considerably

provide an excellent record of biological Changlarger number of sites than those represented by the
through time for certain lake biota, and irYUKAWMN would be necessary for this issue to be
particular the diatom community. Diatoms ani@dequately addressed.

other fossil organisms can also be used to set p

industrial ‘base-lines’ which provide hypothetica

biological restoration targets. However, there a
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Figure 7.1

Relationship
between the total
number of species
recorded (1988 -
1997) for epilithic
diatoms,
macroinvertebrates
and vascular
aquatic
macrophytes
(submerged or
floating leaves) and
the mean pH of
UKAWMN lakes for
the same period

Lines for each
biological group
fitted by linear
regression
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concentrations and a GOnly carbon source,
i.e. Isoetes lacustrisL. (Quillwort), Lobelia
dortmannal. (Water Lobelia)Littorella uniflora
Total species numbers for the biological groupéL.) Asch. (Shoreweed). The Bulbous Rush
monitored at UKAWMN lakes are generally Juncus bulbosusar fluitansL. is also abundant
positively correlated with pH (Figure 7.1), andat these sites. These four species occur across the
this is consistent with findings from other studieentire UKAWMN acidity gradient. The total
(e.g. Schindleet al,, 1989; Stewart & Freedman, number of epilithic diatom species counted in
1989; Gunn & Keller, 1990; Jefferies, 1997).samples from Loch Grannoch, Blue Lough and
These measures of bio-diversity are derived frorRound Loch of Glenhead is low. Assemblages
various methods of survey and analysis and asge dominated by the acidobiontiabellaria
therefore not directly comparable. Consequentlguadriseptataknudson but are also well repre-
they should not be taken to represent differencegnted byEunotia Navicula and Frustulia
in total community diversity between sites. Foispecies. Scoat Tarn is an exception, exhibiting a
example, diatoms are sampled from only on&rger number of diatom species (predominantly
habitat, i.e., the epilithon, and at only one time oEunotiaspp.), a common feature of other higher
year. Only 300 individual valves are identifiedaltitude oligotrophic lakes (Cameron pers.
from each microscope slide, and less commotomm.). With the exception of Loch Grannoch,
taxa may never be recorded even if they wergpecies representation of macroinvertebrates is
collected within the original sample. Aquaticalso low; the acid tolerant family, the
macrophyte data, on the other hand, shouldeptophelbiidae, is the only mayfly
provide a relatively accurate inventory of higherepresentative, and otherwise assemblages are
plant species for each site. dominated by chironomids and relatively low
numbers of acid tolerant beetle, Hemipteran,
The four strongly acid lakes with a ten year meastonefly and caddisfly species. Loch Grannoch is
pH of 5.0 or less (Loch Grannoch, Blue Loughgsyrprisingly diverse for an acid lake, with several
Round Loch of Glenhead and Scoat Tarn) argpecies of acid tolerant mayfly and caddisfly
generally  species-poor. Their submergeflaving been recorded. As a large water body,
vascular flora is mainly restricted to iSOGtidLoch Grannoch is fed by several sub-catchments
species which are adapted to low nutrienfith varying chemical characteristics. This, in

7.1.1 Biological characteristics of
UKAWMN lakes in relation to acidity
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addition to the greater variation in habitat typether UKAWMN site. The trout populations in
offered by a larger system, could account for ththe outflows of these sites, all of which have
relatively enhanced site diversity. Trout densitieselatively low labile Al concentrations, are
in the outflows of all four lakes are low with generally high, while the density at Llyn Llagi is
those for Blue Lough, Loch Grannoch and Scoadhtermediate. Electro-fishing at Lochnagar is
Tarn particularly impoverished. conducted at a distance down-stream of the water
chemistry sampling point, and conditions here
Llyn Llagi, Llyn Cwm Mynach, Loch Chon and are likely to be better buffered and therefore less
Lochnagar (all with mean pH between 5.0 andcid, than the reported chemistry for the loch.
6.0) exhibit a range of biological characteristics.
Lochnagar can be considered a statistical outlieFhe least acid lakes, Burnmoor Tarn, Loch Coire
which seems to reflect the extreme altitude of thean Arr and Loch Tinker (all with mean pH of
site (790 m). Here the aquatic macroflora may bgreater than 6.0), exhibit high species richness of
restricted by a combination of factors includingaquatic macrophytes, and epilithic diatoms.
acidity, low temperatures, low nutrient These sites are the only lakes which contain the
availability, poor littoral substrate quality, acid sensitive charophyte spechtisella flexilis,
prolonged winter ice cover and high windsand they also support populations of other
Isoetes lacustrisand Juncus bulbosusvar. relatively acid sensitive species including
fluitans are the only vascular plants at the siteMyriophyllum alterniflorum (Alternate Water-
Loch Chon, Llyn Cwm Mynach and Llyn Llagi milfoil) and the BladderworUtricularia sp. L.,
all supportMyriophyllum alterniflorumwhich is  in addition to the isoetid species named above.
absent from the more acid sites, while the formefhe diverse diatom epilithon is dominated by
two have sheltered, silty, littoral zones colonisetaxa with only slightly acid optima, and
by water lilies, Nuphar lutea(L.) Sm. and particularly Achnanthes minutissimiitz. and
Nymphaea albal., and emergent speciesBrachysira vitrea (Grun.) Samples from
including Equisetum fluviatile L. (Water Burnmoor Tarn include the normally planktonic
Horsetail) andCarex rostrata Stokes (Bottle Cyclotella kuetzingiangar. minor, although it is
Sedge). likely that this species is deposited on to the
sampled substrate and is not truly epilithic (i.e.
The total number of epilithic diatom specieggrowing attached). The macroinvertebrates
recorded for these four sites is intermediate fanclude numerous mayfly, stonefly, beetle and
UKAWMN lakes, with the exception of caddisfly species amongst other groups. The
Lochnagar for which numbers (like the nextmildly acid conditions are not associated with
highest altitude site Scoat Tarn) are relativelglevated trout densities. The outflow of Loch
high. Macroinvertebrate species richness at LIy@oire nan Arr is the only site to support even a
Llagi, Llyn Cwm Mynach and Lochnagar is alsomoderate trout density, although it is possible
intermediate for UKAWMN lakes. These sitesthat regulation of flow following the installation
are characterised by moderate numbers @f a dam may have had a detrimental effect. It
mayfly, stonefly, beetle and caddisfly speciesappears that although normally non-acid,
Lochnagar is the only UKAWMN lake for which occasional highly acid spate events (and
there is no record for Hemipterans. Specieassociated high labile Al concentrations)
richness for Loch Chon is the highest for al{Section 4.11) may be important in limiting the
UKAWMN lake sites, again possibly reflecting population in the outflow of Burnmoor Tarn,
the diversity of habitats and spatial variation invhile fish parasites have been identified as a
chemistry in this relatively large lake with possibly detrimental factor in the outflow of
convoluted shoreline and sheltered bays. Theoch Tinker.
relatively elevated calcium concentration of ) ) o
Loch Chon, compared to most other lakes, is alshl-2 Biological characteristics of
likely to have a beneficial influence on diversity.uKAVVN”\l streams in relation to acidity
Numbers of mayfly and Hemipteran species in

particular, greatly exceed those recorded in an e aquatic macrophyte commun|_t|es of
UKAWMN streams consist almost entirely of
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bryophytes. However, a general ecologicalhe two more episodic systems.
distinction can be made between those relatively
diverse sites, which include aquatic mosses, arlological characteristics of the remaining seven
those populated only by liverworts. Ormeretd stream sites are less easily characterised with
al. (1987) found a clear relationship betweemegard to acidity. The submerged aquatic
aquatic macroflora and macroinvertebratenacroflora is confined to acid tolerant liverwort
composition and acidity in Welsh streams, andpecies, while the most acidic sites are largely
similar relationships are apparent here. Thenonospecific (almost exclusivelScapania
identification of links between stream chemistryundulata (L.) Dum. in the River Etherow (<
and the aquatic biota is complicated by the highliower quartiie mean pH 4.1), Old Lodge (pH
flow dependent (i.e. episodic) nature of stream.4), Beagh's Burn (pH 4.8) and the Afon Hafren
acidity (Section 7.3.1). Sites with acid soils andpH 4.8), and almost exclusivel\Nardia
relatively base-rich sources of groundwater showompressa(Hook.) in the Bencrom River (pH
marked chemical variation, and the use of mea#.6)). Dargall Lane, where labile Al
pH to characterise overall conditions isconcentration is relatively low, supports a
inadequate in representing the potentiallynoderate trout density, while density at the other
limiting factor of acid episodes. The following sites, all of which have high labile Al
classification is therefore based on the mean @bncentrations, is  very low. The
pH values beneath the lower quartile for eacmacroinvertebrate assemblages of these sites are
site, in order to represent the more aciall dominated by stoneflies and caddisflies, and
conditions experienced. there is no obvious within-group relationship
between species richness and water chemistry.
Those UKAWMN streams with a mean for theThe total number of epilithic diatoms recorded
lowest 25% of pH values greater than 5.2, i.e., thever the decade is relatively low but varies
least acid sites, Allt a’Mharcaidh (5.9), Allt Coire between sites. Large inter-annual variation in
nan Con (5.3), Narrator Brook (5.4) andspecies representation at some sites appears to be
Coneyglen Burn (5.4), are clearly the mosprimarily dependent on the extent to which
diverse. Their aquatic macrofloras arevariation in flow during summer influences
characterised by mixed communities of mossescidity (Section 7.4.1). For example, the River
and liverworts; truly aquatic (i.e. permanentlyEtherow is characterised by contrasting
submerged) mosses are absent from all othassemblages in high and low summer rainfall
stream sites. The moss geriyggrohypnumrspp.  years and consequently the total number of taxa
Lindb. is dominant at three sites, whereasccurring over the last decade is higher than for
Rhynchostegium ripariodg$iedw.) is the most permanently acid Old Lodge.
abundant species at Narrator Brodlhe acid
sensitive red algad.emanaeasp., has been 7.1.3 UKAWMN trout density and
recorded periodically in both the Allit acidity
a’Mharcaidh and Narrator Brook. All four sites
have relatively diverse epilithic diatom floras, The trout populations of UKAWMN sites are
dominated byAchnanthes minutissimand are sampled in streams and lakes outflows, and data
often well represented b@ynedra minuscula are therefore directly comparable. Densities vary
Grun., Fragilaria vaucheriae (Kitz) and from very low (<1 trout per 100 #to high (>20
Gomphonema angustatum[agg.] (Kiitz)  troutper 100 rj. The higher densities equate to
Macroinvertebrate species richness is the highedtose found in unpolluted chalk-streams
for all streams, with between 40 to 52 specieB€aumont pers. comm.). Most sites have lower
having been recorded over the past decaddensities than those predicted by HABSCORE
Mayfly and caddisfly species are particu|ar|yHQS (Chapter 3, Table 7.1), the main exceptions
well represented. Total trout density is als®€ing sites in northern Scotland, southwest
higher than for all other streams and the be&ngland (Narrator Brook), and northwest
buffered of these, Allt a’Mharcaidh and NarratofNorthern Ireland (Coneyglen Burn). These sites
Brook, exhibit significantly higher densities than@lso tend to be the least acid deposition impacted
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Table 7.1

Relationship between observed trout density and that predicted by HABSCORE HQS
for 0+ and >0+ fish over the monitoring period

0+ >0+
Loch Coire nan Arr =
Allt A’'Mharcaidh + =
Allt na Coire nan Con
Lochnagar = =
Loch Chon + =
Loch Tinker
Round Loch of Glenhead
Loch Grannoch
Dargall Lane
Scoat Tarn
Burnmoor Tarn
River Etherow
Old Lodge
Narrator Brook + =
Llyn Llagi
Llyn Cwm Mynach +
Afon Hafren no data no data
Afon Gwy no data no data
Beagh'’s Burn
Bencrom River
Blue Lough
Coneyglen Burn =

--mean density lower than predicted
+: mean density higher than predicted
=: mean density similar to that predicted

on the Network. The data therefore suggest thatr 100 m are restricted to sites with mean labile
factors related to acidification may limit the troutAl concentration below 70 peqt.l However,
population across much of the remainder of théactors other than mean labile Al are clearly
Network. important, as four of the fourteen sites above this
chemical threshold also have poor populations.
Mean trout densities for the complete UKAWMNThe effect of labile Al on trout populations has
record can be linked to mean water chemistrgeen widely studied and is suspected of being a
over the same period (Figure 7.2). Although thermajor cause of fish kills in acid sensitive waters
is only a weak relationship between density an(Kelso et al, 1986; Howellset al, 1990;
pH (Figure 7.2a), Figure 7.2b suggests a linRosselandet al, 1990). Trout exposed to Al at
between trout density and labile Allow pH have been shown to undergo respiratory
concentration, with a roughly exponential declinestress as a result of damage to gills (Meudter
in the maximum observed densities withal., 1991, Wilsonet al, 1994). Experimental
increasing concentration. Densities above 10 fisiork at sub-lethal exposures (i.e. 30 @@t pH
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Figure 7.2

Relationship
between mean
trout density (nos.
per 100 m2) at
UKAWMN sites
and mean water
chemistry
1988-1998

(a) pH, (b) labile
aluminium, (c) Acid
Neutralising
Capacity (ANC)
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5.2) has shown depressed feeding rates, lowerdidutralising Capacity (ANC, Section 5.1.1).
red blood cell counts and a reduction in overallThey proposed an ANC threshold of 20 péq |
swimming activity (Wilsoret al, 1994, Allin & above which damage was unlikely to occur. UK
Wilson, 1999). Critical Loads freshwater maps are based on 0
peq 1 which, according to the same relationship,
Lien et al (1993) demonstrated a probabilisticprovides a 50% probability of damage to trout.
relationship between damage to the trouThe mean of O pedtIANC appears to represent
population in Norwegian freshwaters and Acida critical limit for UKAWMN trout data, with



healthy populations present in several sites whei®2.1 Linear time trends in epilithic

mean ANC is only slightly positive (Figure 7.2c).diatom communities

Only very low densities are found at sites with

negative mean ANC, and this is consistent witfyinear trends with time in the epilithic diatom
the findings of Harrimaet al (1995c). The only assemblage were identified at nine sites (Table
exception to this general rule is at Lochnagar-2). Interpretation of how these temporal
where mean ANC is fractionally negative butchanges might reflect changes in acidity is
trout density is high. However, it is likely that theassisted by our knowledge of the pH preferences
water chemistry for the Lochnagar fishingOf individual species. The interpretation provided
reaches is less acid than the outflow chemistfyere is based partly on subjective observation of
(see Section 4.4 Fish summary). It should beelative species changes and partly on the pH
emphasised that this relationship is based on a irference technique described below.

year average. Considerable inter-annual variation

in ANC occurs at most sites (Figure 5.4), yet longH prediction techniques were developed to
time-series such as this dataset are rarefgconstruct historical lake pH change from fossil
available for the assessment of long term med#atom remains in sediment cores. The Weighted
conditions. It would therefore seem that, for sitedveraging (WA) approach (ter Braak, 1987;
which are vulnerable to marine influences, an@irks et al, 1990), based on the weighted
for which only limited chemistry data areaverage of the optimal pH of all species in a
available, a 20 pedtlANC limit would provide sample, has been the most widely used in recent

a more suitable margin of protection. years. Reconstructions for UK lakes have mostly

been based on a calibration set of surface
B2 Tempora| trends sediments from 167 lakes from the UK and
) ) ) Scandinavia, developed for the Surface Water
in biological data Acidification Project (SWAP) (Stevenscet,al,

1991). For lake sediments, the WA approach has
In the five year interpretative exercise (Patetk a root mean square error of prediction of 0.32 pH
al., 1995; Lancasteet al., 1996) statistical time units. Since this training set is based on sediment
trend analyses were used to detect biologicaliatom assemblages (i.e. mid-lake fossil
change in UKAWMN data. These methods haveeposits), it is not generally considered
been re-employed here (Section 3.2). Biologicappropriate to apply to epilithic diatom
data have been analysed in isolation from watetssemblages and may not provide the same
chemistry data. Strong chemical-biologicaldegree of precision of prediction. However, the
correlations are not necessarily expected, givatiatom composition of surface sediments of acid
the likelihood of non-linear relationships andlakes is well represented by epilithic taxa and it is
possible cause-effect time lags. The approachetear from the assemblage descriptions in
of linear regression and RDA both test for lineaChapter 4, that the dominant taxa at most sites
change with time and both over-simplify thehave SWAP pH optima which are close to the
anticipated nature of temporal biologicalmean site pH. Time series plots of pH inferred
recovery. However, for these temporally shorfrom the epilithon samples should therefore at
datasets, which at most only represent very slightast provide an indication of the temporal
chemical gradients, only small changes in florairection of pH response in the diatom
or fauna are expected. In addition, results fromommunity. Epilithic diatom inferred pH time
DCCA (Section 3.2.2) demonstrate that timeseries for lakes and streams are presented in
constrained change in species assemblagesFigure 7.3 (a) and (b) respectively.
generally low. Linear methods should therefore
be the most sensitive to temporal change in thef those sites showing linear trends, five are
datasets. indicative of an increase in pH (Loch Chon,

Burnmoor Tarn, Llyn Llagi, Llyn Cym Mynach
The following sections (7.2.1 - 7.2.dummarise and Blue Lough), and one is indicative of
the results of trend analysis for each biologicadleterioration (Loch Grannoch), while species
group. shifts at the remaining three sites do not suggest

Chapter Seven
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Table 7.2

Summary of statistically significant linear trends in epilithic diatom and
macroinvertebrate communities, and trends identified in acidity, at UKAWMN sites

Linear trends Linear trends in trends in alkalinity
in epilithic diatoms macroinvertebrates and pH
Loch Coire nan Arr
Allt A’'Mharcaidh
Allt na Coire nan Con )
Lochnagar ! pH!
Loch Chon 1 1 pH1t ALKt
Loch Tinker o o
Round Loch of Glenhead
Loch Grannoch ! -
Dargall Lane ALK?t
Scoat Tarn o pH1
Burnmoor Tarn 1 o
River Etherow
Old Lodge
Narrator Brook pH1t ALK+t
Liyn Llagi 1 1 pH?®
Llyn Cwm Mynach 1 -
Afon Hafren -
Afon Gwy pH1®
Beagh's Burn
Bencrom River
Blue Lough 1 - pH1 ALK1
Coneyglen Burn o -

For biological groups, presence of any symbol represents a significant linear time trend according to RDA and
associated restricted permutation test. 1 = indicative of reduction in acidity; | = indicative of increase acidity;
~ = not indicative of acidity change according to current understanding of species preferences. For chemistry,
presence of symbols represents significant time trend according to Seasonal Kendall Test and or Linear
Regression, in alkalinity (ALK) and pH: 1t = increase; | = decrease.

acidity changes (Loch Tinker, Afon Hafren andcores (this is considered in further detail in
Coneyglen Burn). Section 7.2.5).

Species changes at Loch Chon, Llyn Llagi andrends indicating amelioration in acidity at
Blue Lough are consistent with the increases iBurnmoor Tarn and Llyn Cwm Mynach appear to
pH reported for these sites. Furthermore, thiollow chemical changes which, although
changes at Loch Chon and Llyn Llagi arestatistically non-linear, suggest a recent (i.e. post
supported by changes in the diatom speciek992) increase in pH. At these sites there is less
assemblages of sediment traps and sedimentication of similar temporal change in sediment
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Figure 7.3a

Time series of
epilithic diatom
inferred pH (all
samples) for
UKAWMN lake
sites (black
symbols)

Dotted line
indicates variation
in annual mean
inferred pH (open
circle)
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Figure 7.3b

Time series of
epilithic diatom
inferred pH (all
samples) for
UKAWMN stream
sites (black
symbols)

Dotted line
indicates variation
in annual mean
inferred pH (open
circle)
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trap diatom assemblages. 7.2.3 Linear time trends in trout data

The indication of further acidification in Loch Linear trend analysis was carried out for density
Grannoch is consistent with the LOESS plot foand condition factor statistics for the trout
pH (Figure 4.8.2), although no significant trendoopulation. These data demonstrate considerable
for pH was found for this site. Likewise, non-inter-annual variability, but few within site time
linear variation at most other lakes generallyrends have been found, and where they do occur
appears to reflect their non-linear variation irthey rarely correspond with changes in water
acidity. Scoat Tarn is the only lake showing lineachemistry (see site specific comments in Chapter
trends in acidity (improvement), which does no#). Fish are highly mobile, relative to other
show any clear temporal change in the diatormonitored biological groups, and to date it has
epilithon. Inter-annual variability in diatom not been possible to determine to what extent
assemblages from stream sites tends to be morariations in density are driven by mortality and
marked and is less obviously linked to inter+ecruitment, as opposed to up- or down-stream
annual variation in chemistry. However, there isnigration. Given the large inter-annual variation
indirect evidence that stream diatoms areesulting from the effects of mobility, it is clear
primarily influenced by summer acidity. This isthat for most sites, the current time series

considered further in Section 7.4.1. available are of insufficient length for trends to
be identified. However, a trend in the density of

7.2.2 Linear time trends in 0+ trout has been observed at the extremely acid

macroinvertebrate communities stream, Old Lodge. Here, densities have

increased substantially (Figure 4.13.5), and this
Eleven sites exhibited statistically significantcgyid represent a general movement of the
linear trends in macroinvertebrate data. Howevebopmaﬂon upstream from more buffered reaches.
interpretation of these trends is more difficultrhe trend is matched by a period of sharply
than for diatom data given the generally widegeclining labile Al concentration (Figure 4.13.2),
acidity tolerance of many species and the curreBlccompanied by declining non-marine SO
lack of information available on species-concentration, and may therefore be indicative of
chemistry relationships for the UK. biological recovery in response to chemical

improvements (Section 4.13). However sea-salt
Trends at two sites (Loch Chon and Llyn Llagi)inputs have also reduced over the same period,
are indicative of less acid conditions, while one ignd further time is therefore required to assess

indicative of deterioration (Lochnagar) (Tablethe relative importance of SQiecline against
7.2). As with the epilithic diatoms, the lineargfimatic influences.

trends indicative of improving conditions at Loch

Chon and Llyn Llagi (Section 4.5 and 4.15) ar&¢.2.4 Linear time trends in aquatic

consistent with the trends of recovery in watemacrophyte abundance/cover

chemistry (however, see Section 7.3), while the

trend indicative of deterioration at Lochnagar isAquatic macrophyte data (consisting of relative

consistent with the linear decline identified forabundance measurements for lakes and cover

pH. estimates for streams) are the most temporally
conservative of all the biological datasets. This is

Potential influences on linear change at theot surprising since: i) aquatic macrophytes tend

remaining eight sites (Allt na Coire nan Conto be slow growing and perennial, ii) most

Loch Tinker, Loch Grannoch, Scoat Tarnspecies have relatively wide tolerance of changes

Burnmoor Tarn, LIlyn Cym Mynach, Blue Loughin the chemical and physical environment, and

and Coneyglen Burn) are less immediatelyii) data for lakes is based on a relatively coarse

apparent but are considered in more detail ih-5 scale of relative abundance and this is not

section 7.3. particularly sensitive to subtle changes with time.
However, spatial studies demonstrate aquatic
macrophyte species assemblages do change
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across broad pH/alkalinity gradients (e.g7.2.5 Supporting evidence for diatom
Robertset al, 1985; Palmeet al, 1992; Allott & recovery from sediment traps and
Monteith, 1998) and species changes would ks=diment cores
expected at UKAWMN sites were substantial
improvements in water chemistry to occur. Evidence for biological recovery from linear
trends in epilithic diatom assemblages in Loch
Temporal trends are apparent at five sites, four @hon and Llyn Llagi is supported by similar
which are streams. At Loch Coire nan Arr therdloristic trends in sediment trap samples for these
has been a clear reduction in the representation sifes. Situated in deep water, the contents of these
emergent taxa which almost certainly resultsraps should represent the diatom assemblage of
from the installation of a dam in 1991 andthe most recently deposited sediment.
subsequent water level management. It i€omparisons can therefore be made between the
unlikely that these species will be able to rehistorical trend in sediment core diatoms,
establish around the Loch shoreline unless watenarking acidification, and the recent annually
level fluctuations cease. Trends at Allt a’'monitored diatom trend (Figures 7.4 - 7.5).
Mharcaidh, Allt na Coire nan Con, the River
Etherow and the Afon Hafren all appear to resulbediment core data for Chonll (taken in 1992)
from a reduction in overall cover, rather than anyPatricket al, 1995) shows that the acidification
shift in relative species abundance during thef Loch Chon was marked by a sharp decline in
interpretative period. Physical scouring duringAchnanthes minutissimgH optima 6.3) and
high flow events in the early to middle part of theBrachysira vitrea (pH optima 5.9), and an
record, provide the most likely explanation forincrease inNavicula leptostriata(pH optima
these changes. Therefore, all linear trends.l), Eunotia exigua(pH optima 5.1) and
observed in the aquatic macrophyte data mo&ymbella perpusill§pH optima 5.2). Since 1991
likely result from the effects of physical the sediment traps show an increas® ivitrea
disturbance, rather than chemical change. and decreases i@. perpusilla and possiblyE.
exiguaandN.leptostriata These changes suggest
There is no strong evidence for change in aquatac small improvement in pH. They also suggest
macrophyte composition at those sites showintiat in its early stages, biological ‘recovery’ at
possible recovery in epilithic diatoms andthis site involves a return toward an earlier flora,
macroinvertebrates (i.e. Loch Chon and Llyrat least as far as this concerns the dominant taxa.
Llagi). The apparent inertia in speciesThere is no evidence to date of any response in
composition at most sites raises the issue of thike relatively circumneutraA. minutissimaand
suitability of aquatic macrophyte monitoring as aiatom inferred pH (5.2) remains well below that
tool for detecting biological recovery. However,of pre-industrial times (6.3). It should be noted
the relative stability of this group over a period othat the change in the diatom inferred pH in
generally non-directional, or at most very slightepilithon is well correlated, not only with
changes in water chemistry can be seen tmeasured March pH, but also negatively with
complement the other more environmentallyMarch Cl concentration (Figure 7.8). Floristic
sensitive but relatively ‘noisy’ biological changes could therefore primarily represent a
datasets. It follows that the appearance, largesponse to climatic effects rather than emission
expansion or disappearance of a species, shouktuction induced recovery (Section 7.3).
these be observed, is likely to be of considerable
significance. Furthermore, aquatic macrophytegvidence of recovery from comparisons of
have a pivotal role in aquatic ecosystems igediment trap and sediment core assemblages is
providing a habitat and food resource. Reguldhore dramatic and convincing for Llyn Llagi
assessment of status therefore provide§igure 7.5). Here, the acidification history
environmental information which may beinvolved an early decline inAchnanthes

important in understanding causes of change finutissima(pH optima 6.3), later decline in
other biological groups. Brachysira vitrea(pH optima 5.9), temporary

dominance byEunotia incisa(pH optima 5.1),
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Figure 7.4

Comparison of
changes in the
representation of
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samples from a
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recent changes in
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samples from Loch
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graph shows diatom
inferred pH (based
on weighted
averaging) for all
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Figure 7.5

Comparison of
changes in the
representation of
dominant diatom
taxa in Pb210 dated
samples from a
sediment core _ .
sequence (LAG 3) Aulacoseira lirata
and more recent
changes in
sediment trap
samples from Llyn
Llagi. The bottom
graph shows diatom

inferred pH (based 15 Brachysira vitrea
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and then displacement Bf incisaby Tabellaria g 7 3 Further ConSideration
quadriseptata(pH optima 4.9) which increased -

to approximately 50% representation. TheOf |inear trends in
floristic assemblage of the contents of the first

sediment trap, collected in 1993, matched that macrOinVGrtebrate and
the top of the sediment core taken in 19916p|||thlc diatom data
a

However, since 1991 there has been

progresswe d_ec!me I qugdrls_eptataand gn Comparisons between the trend results for water
increase inE.incisa and B.vitrea in successive . . S .
chemistry and biology highlight differences

sediment trap samples. There is even eViden%eetween the two datasets (Table 7.2). Linear

for a recent small increase iA.minutissima . )
trends were found at nine and eleven sites for

Again, therefore, the diatom flora appears to bgpilithic diatoms and macroinvertebrates

reverting to a former state; however, compared to . . -

respectively, but temporal trends in acidity
Loch Chon, the rate of change has been far ;
steeper felated variables were only detected at seven

sites. At only two sites, Loch Chon and Llyn

. . . Lllag|, were linear decreases in acidity mirrored
There is a taxonomic exception to the gener . S
. . ; y recovery trends in both epilithic diatoms and
evidence for a return to a previous flora in Llyn

. . . macroinvertebrates.
Llagi. Tabellaria flocculosaappeared to increase

slightly over the course of acidification and ha~'§:0r those sites where chemical improvements

continued to increase in sediment trap samples.H%We not been observed, biological trends could

is possible that the current abundance of th'rsepresent responses to one, or a combination, of
species will not persist, but it would seem that i{he following: ' ’
has responded to factors other than acidity, e.g.
changes in climate, nutrient availability, etc..
This emphasises the possibility that the physio-
chemical environment of a theoretically
‘recovered’ lake may differ from its pre-
industrial state for reasons other than acidity, and
may not therefore have the capacity to support an
identical flora and fauna to that which was lost.

real recovery in response to chemical changes
which have not been detected with the
methods of analysis employed (e.g. chemical
improvements confined to one time of year);

lagged recovery, e.g. biological responses to
chemical improvements which occurred
before the onset of monitoring, as for
example suggested in the longer term data
sets (Chapter 6);

Unlike Loch Chon, the observed changes in Llyn
Llagi do not appear to correlate with chloride
concentration or any other climatically related
factor. In short, these changes represent the mqQst responses to other changes in the
convincing evidence of real biological recovery,  anvironment (lagged or immediate), such as

resulting from an amelioration _in .pH, ob_served changes in climate, or catchment effects such
for the whole Network. There is little evidence ¢ felling or water level change:

for linear change in sediment trap species
assemblages for other UKAWMN lakes,, naiyral population or ecosystem driven
although these have not been analysed ggciliations with a cycle of several years.
statistically.
It is important that the nature of the trends
identified in the biological datasets is adequately
understood so that:

i) real biological recovery is recognised if, when
and where it occurs;

Chapter Seven
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i) other trends, which may be indicative ofnot fully represent inter-annual variability in the
improvement but may not be sustained in th&equency and intensity of extreme events. In
longer term, are not incorrectly attributed toorder to test whether winter-spring storminess
emissions reduction policy; and, could explain the observed common variation in
the species assemblages we took various monthly
iii) major influences which are not related tocombinations of the North Atlantic Oscillation
chemical recovery may eventually be quantifiedndex (NAOI) (see Section 5.3.5) as surrogate
and statistically ‘removed’, so as to allow morevariables for storm activity. These were applied

sensitive detection of underlying trends. as explanatory variables to the species datasets in
Redundancy Analysis (RDA), using the same
Macroinvertebrates approach adopted for time-trend analysis

(Section 3.2.2).
At sites where linear trends have been identified,
the inter-annual pattern of variation inThis analysis showed that the January NAOI can
assemblages is often very similar. For exampleonsistently explain a significant proportion of
the mean of the annual score of samples on tlwariance in the macroinvertebrate data. Overall
first axis of PCA (which summarises thethe January NAOI is significant for nine sites, all
component of maximum variation in the speciebut one of which shows a linear (i.e. time) trend
assemblage between samples) tends to be wélable 7.4). Table 7.4 also demonstrates that the
correlated between those sites which show lineaorrelation coefficients between the mean annual
trends but not for most others (see Table 7.3RCA Axis 1 scores, and the January NAOI are
This suggests that the macroinvertebrathigh for several sites (i.e. Loch Coire nan Arr,
communities of these sites may be influenced b§.83; Loch Tinker, 0.69; Loch Grannoch, 0.68;
one or more common factor, despite the appareand Llyn Cym Mynach 0.80).
absence of common trends in water chemistry.

Why the weather in the month of January may be
The near west coast location of the sites showirgf particular importance in influencing inter-
linear trends in macroinvertebrate assemblagesnual variability in the macroinvertebrate
may provide a key to understanding theassemblage is unclear. Westerly storms mostly
underlying influences (see Figure 7.6). Asoccur from December to March and are certainly
discussed in Section 5.3.1, sites close to the wastt confined to this one month only. However,
coast appear vulnerable to westerly andhloride concentrations in monthly sampled
southwesterly storms, as these influence sea-satteam sites often reach their annual peak in
and rainfall enhanced acidity. Sincesamples collected in either January or February,
macroinvertebrates are sampled in the springpoth of which could be influenced by January
and since, for the majority of species capturedyeather conditions. Furthermore, years in which
the larval stage occurs over the winter-springhe January NAOI has been either high or low,
period, it is reasonable to hypothesise that theave often been characterised by similar
significant time trends in the species assemblagestremes in February and March. The January
might reflect reductions in winter-spring acidity NAOI variable could therefore represent a longer
resulting from the declining influence of thesewinter-spring period. It is also possible that
weather conditions over the bulk of themacroinvertebrate larvae are most vulnerable to
monitoring period. acid episodes when at an early stage of

development at the beginning of the year.
Water chemistry sampling is inadequate to
capture the extent and frequency of acidPerhapsimportantly, the January NAOI generally
episodes. Most occur over relatively few daysexplains a larger proportion of overall variance in
usually between December and March, but nsites in mid-west to northwest Scotland, i.e. Loch
water samples are collected from lakes betweddhon, Loch Tinker, Allt na Coire nan Con, and
the first week of December and the first week oLoch Coire nan Arr. At these sites the January
March. Even monthly samples from streams wilNAOI is well correlated with both spring ClI
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Table 7.3

Between-site correlation coefficients (r) for the mean annual score of

isl

tebrate samples on PCA AXx
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Sites which have high correlation coefficients will exhibit similar patterns of temporal variation in species composition. The

11 sites shaded are those showing significant linear time-trends according to RDA and associated restricted permutation

a non west coast site, and the only site where macroinvertebrate changes appear indicative of

test. Note that Lochnagar

deterioration, is relatively poorly correlated with most other sites showing linear trends.
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Figure 7.6

UK map showing
the location of sites
for which linear
trends have been
identified in
epilithic diatom and
macroinvertebrate
assemblages
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concentrations (i.e. March concentrations INAOI (i.e. stormy conditions), while the NAOI
lakes and mean January to March concentratiomgas negative for the latter.

in streams) and January rainfall totals, and as a

consequence it is likely to be associated with thie is interesting to note that the January NAOI is
frequency and intensity of acid episodes andot significant in explaining between-sample
overall winter-spring acidity for sites in this areavariability at Llyn Llagi, for which a time trend
(Figure 7.7). For several lakes, macroinvertebrateas been identified, and where there is
communities tend to be represented by lowonvincing evidence of recovery in the diatom
numbers of individuals and are dominated bgommunity. It is therefore possible that the nature
acid tolerant species, such as the mayfly familgf the temporal trend in macroinvertebrates at
the Leptophlebiidae, in the early 1990s, whilghis site is different from those observed
they are relatively diverse, and represented bslsewhere and this increases the possibility that
some acid intolerant taxa in 1996-1997. Thehange at this site reflects a longer term response
former periods correspond with high Januaryo improving chemistry. However, for the
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Figure 7.7

Relationship
between the
January NAO
Index, January
rainfall, and spring
water chemistry for
two Scottish sites
(mean January

to March
concentration for
Allt na Coire nan
Con; March
concentration for
Loch Chon)

Rainfall data from
nearby
Meteorological
Stations for these
sites (Appendix 2)
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majority of sites for which linear trends haveunclear and urgently require further research to
been identified, it is more likely that changesascertain.

result primarily from a reduction in winter storm

activity. Reductions in intensity and duration ofThese results tentatively suggest that, on an inter-
acid episodes provide possible mechanismsnnual scale, macroinvertebrate assemblages
Alternatively, community composition may may be sensitive to changes in the severity of
simply co-vary with acidity. Other effects of acid conditions in the winter-spring period. There
inter-annual variations in climate, such as thés evidence from the longer term chemical
extent and frequency of water level oscillationsgatasets, described in Chapter 6, that chemical
variations in turbulence in the littoral zone ormrecovery has led to a gradual increase in the pH
even winter temperatures (winter temperature igf the most acid events at some sites. It might
positively correlated with the NAO) may also betherefore be expected that these changes will be
important. Specific mechanisms are thereforgacked by a gradual return of more acid sensitive

Table 74

Variance in macroinvertebrate datasets explained by the first axis of PCA (PCA \,),
and a time trend and the January North Atlantic Oscillation Index (NAOI) when
statistically significant. The last column provides the correlation (r) for the
relationship between the January NAOI and the mean annual score of samples on the
first axis of PCA

site % variance explained % variance explained % variance explained  correlation coefficient
by PCA A; by time trend* by January NAOI* for January NAOI
RDA Aq RDA A against PCA Ay
Loch Coire nan Arr 306 16.8 0.83
Allt a'Mharcaidh 274 0.12
Allt na Coire nan Con 236 158 104 0.52
Lochnagar 26.2 104 0.07
Loch Chon 214 14.1 10.6 0.59
Loch Tinker 211 155 113 0.69
Round Loch of Glenhead 206 0.29
Loch Grannoch 20.6 131 10.0 0.68
Dargall Lane 328 0.10
Scoat Tarn 19.8 120 131 0.81
Burnmoor Tarn 233 116 6.2 043
River Etherow 414 0.32
Old Lodge 311 0.17
Narrator Brook 20.9 0.34
Llyn Llagi 250 115 0.58
Llyn Cwm Mynach 219 121 6.9 0.80
Afon Hafren 311 0.15
Afon Gwy 27.2 0.16
Beagh’s Burn 211 0.27
Bencrom River 238 0.04
Blue Lough 276 144 0.50
Coneyglen Burn 284 139 105 0.57



macroinvertebrate taxa. However given the cleawurrent trend should disappear, once stormy (i.e.
importance of inter-annual variability in weatherhigh NAOI) winters of the frequency and
on the chemistry of these sites, it is also likelyluration experienced at the onset of monitoring
that the temporal nature of recovery will be fareturn to the UK.

from linear, and more sophisticated statistical

techniques may be necessary to more sensitivdll 7.4 Other between-year
detect any ‘recovery’ component within the inter

annual variation. blOlOglcal Varlablllty

7.4.1 Epilithic diatoms in UKAWMN

Epilithic diatoms streams and flow

Of the nine sites showing temporal trends iré

e . ite summaries in Chapter 4 indicate that the
epilithic diatom assemblages, only five also show ... . . .

. . epilithic diatom assemblages show considerably

temporal trends in water chemistry (Table 7.2).

. . greater temporal variation in streams than lakes.
However, with the exception of the Afon Hafren, . . .
. : : R The most obvious explanation for this is the
all of the sites showing trends in epilithic diatoms L . .
reater temporal variation in chemistry

also exhibit trends in macroinvertebrates and a ) . ;
_experienced in most stream systems, resulting

have westerly locations (see Figure 7.6). It is o o .
. L L rom sensitivity to variations in flow.
therefore possible that climatic controls similar to

those proposed above for the freshwater faunﬁwe acidity response of the stream epilithic flora

(Section 7.1.1) are important for the diatom roramay again be gauged by analysis of the relative

Fi 733 d trates that f imat Ichange in diatom inferred pH with time. The
'gure 7.ca demonstrates that for approxlmaeé{pplication of the SWAP dataset to infer pH from

half of UKAWMN lakes, the most acid " . . .

. stream epilithon should again be viewed with
assemblages occured in the early 1990s (and fgéution and particularly since the stream
several sites 1993) while those in 1996 or 199; '

. . nvironment is very different from the lake
were the least acid. The earlier years were . . .
. ) ) g . énvironments on which the method is based.
characterised by winters with relatively high

it ) It inout d rainfall Olth_However, it is clear from Figure 7.3b that several
winter-spring sea-sait INputs and raintad, and iz, ., 1, sites show similar temporal patterns in
may have depressed lake pH well into the .
. . inferred pH, and these are very different from the
growing season. The winter of 1996, on the othe[r
rends observed for most lakes.

hand, was largely free of westerly and south-

westerly actlylty, a_nd most lakes were Iess_ ac'gllost UKAWMN stream sites show strong
over this period. Given the west coast location o

~~ relationships between pH and flow, which results
these lakes, and the temporal patterns in clima

Fom the changing proportional contributions of
discussed above, the trends identified in the_ . ging prop .
o . _Various flow paths to the watershed with
epilithon of some sites may therefore again . . .
L . . changing rainfall (Figure 7.9). pH tends to be
reflect a change in winter-spring storminess over, -
L . ighest at low flows when the contribution from

the monitoring period.

relatively buffered baseflow is highest. For the
majority of stream sites, flow data is only

The most striking gxample of how Cll,matlcavailable for the time of sampling, i.e. monthly
effects may have influenced trends in the o :
S Spot measurements, and it is not possible from
epilithic diatom assemblage comes from Loch, . . N o
L .. _this to infer time-integrated flow conditions. We

Chon. For this site the mean annual diato

. . . H1alON 4 ve therefore examined monthly rainfall records
inferred pH of all samples is exceptionally tlghtlyfor local Meteorological Stations, to see whether

correlated with measured March chlond_efIOW could explain any of the inter-annual

concentration gnd March pH (Flgur.e 7.8). It ISvariability observed in diatom inferred pH.
therefore possible that the potential recovery

discussed earlier for Loch Chon may prlrnarllyFor several sites, negative relationships were

represent natural variability in response tq .
. - aé)parent between total June-July rainfall and

changes in weather. If this is the case, then th . . .

mean annual diatom inferred pH (Figure 7.10).

Chapter Seven
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Figure 7.8

Measured
chemistry (pH and
Cl concentration)
of March water
samples and mean
annual epilithic
diatom inferred pH
for Loch Chon
1989-1998

332m

(a) March Cl concentration (ueq 1) (inverted scale)

March Cl concentration

(b) measured and inferred pH
5.6 Yy

K3

pH

4.6 t t t t t t t t
89 90 91 92 93 94 95 96 97 98

- - - - - - diatom inferred pH —O—— measured March pH

Given the possible limitations in the applicationlarge gradient in pH which is observed between
of a lake sediment based transfer function, arfligh and low flows. Inter-annually, the diatom
other potential errors, such as those associatadsemblage probably varies more than for any
with the representativity of local Meteorologicalother site on the Network and ranges from a
Station rainfall data for the UKAWMN site, the Eunotia incisadominated flora indicative of very
apparent strength of these relationships iBw pH, to one dominated by the circumneutral
surprising. The only statistically significant speciesAchnanthes minutissima

linear relationship was for the River Etherow (r

= 0.61 p<0.01); however, the consistentlyThe relationships identified suggest that the
negative regression slopes and relatively high essemblages of many sites will represent
values (four other sites show values of more antecedent flow conditions, perhaps for the
than 0.4) suggest that summer flow may have previous two months, and it is likely that species
dominant influence on inter-annual variability atrepresentation for most sites will be in a process
many sites. It is interesting to note that thef continuous change over the spring-summer
weakest rainfall-diatom inferred pH relationshipgrowing season. The summer sampled (mostly
are for Old Lodge and the Afon Hafren, and thesduly-August) epilithic diatom assemblages may
sites also show poor relationships between flowherefore not be particularly representative of the
and measured pH. year-round crop.

The strength of the Etherow diatom-flowThe apparent sensitivity of the stream diatom
relationship could in part reflect the particularlyassemblage to fluctuations in flow has obvious
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Figure 7.9

The relationship
between spot
sampled pH and
flow for all
UKAWMN stream
sites for which
there are

monthly flow
measurements

implications for trend detection, in that highbiological recovery will first become evident in a
inter-annual variability will mask potential change through time in the diatom assemblages
recovery signals. It therefore seems likely thadf high summer rainfall years.
identification or statistical validation of epilithic

diatom recovery will take considerably longer for7.4.2 Temporal variation in

streams than lakes. The period required for trenthacroinvertebrate species richness
detection could be reduced by increasing the

frequency of diatom sampling, perhaps tdSpatially there is a general relationship between
monthly, over the growing season. Chemicainean macroinvertebrate species richness and pH

recovery may not involve obvious improvemenfor UKAWMN sites (Figure 7.1), and similar

at low flows, since these are the periods whelinks have been identified both spatially and

chemistry is most buffered. With the currentemporally in the scientific literature. The
sampling regime, it is therefore likely thatidentification of temporal trends in minimum
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Figure 7.10

The relationship
between mean
annual epilithic
diatom inferred pH
(based on weighted
averaging) and total
June-July rainfall
(mm) (recorded

at nearby
Meteorological
Stations) for
UKAWMN stream
sites (1988-1998)
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species richness (MSR) might therefore provideampling efficiency over the years.
an indication of the extent of biological recovery.
Time series for macroinvertebrate MSR for botfThe most likely explanation for these
lakes and streams are presented in Figures 7.1d@ographically related, common patterns which
and 7.11b, respectively. are only observed in stream sites, and which do
not appear to be directly linked to chemical
Upward trends are apparent in MSR for mosthange, is a change in the winter-spring flow
UKAWMN streams but no UKAWMN lakes. regime. As has been discussed in several other
Loch Chon and Llyn Llagi, both of which show sections of this report, throughout most of the
linear trends in the macroinvertebrate specidsterpretative period there has been a general
composition which are indicative of biologicaldecline in winter-spring westerly weather
improvement, provide no indication of a changectivity, and there is evidence from many of the
in MSR with time, and the same is true for mosMeteorological Stations close to UKAWMN sites
other lakes which show linear trends. Converselyhat this was accompanied by a general decline in
few trends in species composition have beewinter-spring rainfall.
observed for streams. It therefore appears that
temporal variation in species composition and\nalysis of local rainfall data provides some
species richness have been largely independentication of negative relationships between
for most sites over the interpretative period.  rainfall at this time of year and MSR but no
common period has been identified for all sites.
Temporal patterns in MSR for several streanNegative relationships are apparent between
sites are well correlated (Table 7.5) andMSR and total January - April rainfall at four
correlations appear to be stronger for sites whicéites (Allt na Coire nan Con, Dargall Lane, Old
are geographically close. For example, higlhodge and Coneyglen Burn) (Figure 7.12),
correlation coefficients were obtained betweemlthough a linear relationship is only statistically
Scottish sites, and between these and sites significant at the p=0.01 level for Old Lodge.
Northern Ireland. MSR for Old Lodge, which isinterestingly, Old Lodge is one of the few
geographically most remote, is only weaklyUKAWMN stream sites which shows no
correlated with that for other sites. The absencevidence for a relationship between flow and
of correlations between stream sites and moatidity (Figure 7.9), and the effect on MSR at this
lake sites (not shown) appears to rule out thsite is therefore more likely to be due to physical,
possibility that the data represent a change irather than chemical, factors.

Table 7.5

Between-site relationship (correlation coefficient r) in the temporal variation in
macroinvertebrate minimum species richness (10 year stream records only)

site no.

3 9 12 13 14 17 19 20
Allt a’Mharcaidh (2) 0.72 0.59 0.59 0.32 0.58 0.46 0.68 0.63
Allt na Coire nan Con (3) 0.73 0.74 0.37 0.65 053 0.81 0.67
Dargall Lane (9) 0.82 0.39 0.82 0.64 0.86 0.92
River Etherow (12) 0.42 0.92 0.85 0.85 0.84
Old Lodge (13) 0.48 0.43 0.18 0.35
Narrator Brook (14) 0.87 0.72 0.79
Afon Hafren (17) 0.68 0.68
Beagh’s Burn (19) 0.88

Bencrom River (20)
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Figure 7.11a

Time series for
macroinvertebrate
minimum species
richness (MSR) for
UKAWMN lakes
(1988 - 1998)
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Figure 7.11b

Time series for
macroinvertebrate
minimum species
richness (MSR) for
UKAWMN streams
(1988 - 1998)
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Figure 7.12

Relationship
between the annual
minimum species
richness (MSR) of
macroinvertebrate
communities in
samples from Allt
na Coire nan Con,
Dargall Lane, Old
Lodge and
Coneyglen Burn and
total January-April
rainfall (recorded at
nearby
Meteorological
Stations)

338m

Given the between-site correlationssustained in the longer term. These findings
demonstrated in Table 7.5 it seems likely thasuggest that, in a monitoring context,
changes in MSR observed in the majority ofnacroinvertebrate minimum species richness
streams will reflect the influence of some featurenay be of limited value as an indicator of
of winter-spring flow, and it is therefore likely ecosystem health, at least over the relatively
that the apparent increases in MSR will not behort duration encompassed by this report.
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B 7.5 Summary .

Biological characteristics of UKAWMN
lakes and streams reflect site acidity.
Generally, the most acid sites have the fewest
species and support the lowest trout densities.
The least acid sites tend to exhibit relatively
high species diversity. However other
chemical and physical factors are also likely
to be important in determining biological
properties. The outflows of the least acid
lakes do not have high trout densities.

For the majority of sites, trout density is
lower than that predicted for non-polluted
equivalent sites by HABSCORE HQS.
Spatially, mean trout density can be linked to
mean water chemistry. A roughly exponential
decline in density with increasing labile Al
concentration is observed, while healthy°
populations are not found in most sites which
have a ten-year mean ANC of less than 0

peq .

Temporal trends have been identified in the
assemblages of epilithic diatoms and
macroinvertebrates at several sites. However,
Llyn Llagi and Loch Chon are the only sites
exhibiting trends indicative of recovery in
both biological groups, which also show
significant reductions in acidity.

Temporal diatom species change in Llyn
Llagi is also apparent in sediment trap
samples and the trend in the latter is roughly
the reverse of that observed in samples
toward the top of a sediment core (indicative
of acidification) taken from the lake in 1991.
The recent changes therefore provide
convincing evidence of the early stages of
biological recovery, at least at the lowest
trophic level, at this site. Similar evidence for,
‘reversal’ of the diatom assemblage is
apparent at Loch Chon. However here,
changes in the epilithic flora can be linked to
a reduction in March Cl concentration, and
this suggests that the diatom response may be
influenced, or even primarily determined, by
a reduction in climatically induced acidity
over the last decade.

Chapter Seven

Of the nine sites with trends identified for
epilithic diatoms, trends at five are indicative
of an increase in pH, and one is indicative of
deterioration. Four of the six sites with trends
indicative of a change in acidity show
consistent trends in measured pH. Generally
for lakes, inter-annual variation in epilithic
diatom assemblages can be linked to inter-
annual variations in pH.

Inter-annual variation in epilithic diatom
assemblages can be linked to variations in
summer rainfall at those stream sites for
which there is a strong relationship between
flow and pH. This suggests that these
assemblages will be particularly dependent
on relatively recent antecedent acidity, i.e. for
the previous two months.

Eleven sites exhibit linear trends in the
macroinvertebrate assemblage, but trends at
only two of these are interpreted as being
indicative of recovery, while one is indicative
of deterioration. The three sites for which
faunal trends are indicative of change in
acidity also demonstrate consistent
significant trends in pH. Most of the sites
where macroinvertebrate trends have been
recognised have west coast locations, and the
pattern of inter-annual variation in species is
very similar between all of these. It is
therefore possible that the observed trends
reflect a response of the aquatic fauna to a
decline in the frequency, duration and
intensity of acidic conditions resulting from a
reduction in ‘winter westerly’ weather
activity. The January North Atlantic
Oscillation Index can explain a significant
proportion of variation in species
assemblages of most sites for which linear
trends have been identified.

Upward trends have been observed in
minimum species richness (MSR) of

macroinvertebrate samples in most stream
sites, and the correlation of temporal variation
between sites is strongest for sites which are
geographically close. Four sites show a
negative relationship between MSR and total
January to April rainfall measured at nearby
Meteorological Stations. This relationship is
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strongest at Old Lodge, where there is little
evidence of any link between flow and pH,
suggesting that physical effects of flow may
be more important than chemical effects in
this respect.

Trends in aquatic macrophyte assemblages
have been identified at five sites, but all of
these most likely result from physical
disturbance rather than chemical change.

Few linear trends were observed in trout
population statistics. The relatively high
mobility of fish, in comparison to other
biological groups, adds to overall sample
variability, and for most sites it is likely that
even where conditions may be becoming
gradually more favourable for fish, several
more years of monitoring may be necessary
to allow the possible detection of trends.
However, in the survey stretch of Old Lodge
there has been a striking increase in the
density of newly recruited trout during a
period of sharply declining labile Al
concentration.



Summary and Conclusions

Don Monteith &
Chris Evans

m 8.1 Atmospheric deposition
and the impact on UKAWMN
sites (1988-1998)

The ultimate aim of emissions reduction policy iPennines area where freshwaters are believed to be
to achieve improvements in target environmensome of the most impacted in the entire UK.
damaged by the effects of atmospheric depositicSensitive areas at intermediate distances from
Emission reductions on a national and internatior sources, including mid-Wales and the Lake District
level have resulted in a major decline in ,SChave experienced smaller, but still measurable,
concentration and S deposition in urban and ruideclines in xS@deposition. However, the majority
areas in central and south England. However, tof UKAWMN sites lie beyond these regions, to the
target environments of concern for the UKAWMMwest and north, where rainfall is high and ,SO
are the acidified freshwaters which are mostdeposition is predominantly in wet form. Here,
located in more remote parts of the UK. In order ‘downward xSQ trends during the last ten years
test whether these ecosystems have benefited frhave been very small and only detectable using
implemented policy, a series of functional linksregional analysis. The signal at these sites appears
from emissions reduction, through depositioto be swamped by noise resulting from climatic
reduction, to the recovery of water chemistry arvariability. Reductions in xSQdeposition have
finally aquatic biota, must be demonstrated. Eatherefore occurred in all areas, but rates of
link has been discussed in the course of this reptareduction are geographically skewed, being
and is summarised below. virtually undetectable in the more remote regions,
including north Wales, and southwest, central and
Have reductions in anthropogenic emissions led northwest Scotland.
a reduction in acid deposition in the UK over th
past decade? Has deposition reduction led to declines in acid
anion concentrations in UKAWMN freshwaters
Undoubtedly yes. Over the period 1986-199over the last decade and over longer time scales?
sulphur emissions reductions of 55% have almc
been matched by a 50% reduction in sulphLlarge declines in xS concentrations have been
deposition for the UK as a whole. Howeveirecorded at Old Lodge (southeast England) and the
smaller declines in emissions of N@re not River Etherow (Pennines). Smaller, but still
reflected in deposition trends. In some remosignificant declines in concentration have occured
regions NQ deposition appears to have increaseat Lochnagar (northeast Scotland). The effects of
slightly. small reductions in the deposition flux of S@m
non-marine sources at other sites could be masked
Do we observe reductions in sulphur deposition by noise from inter-annual variability and
the regions with acid sensitive freshwaters? problems associated with the use of a fixed ratio of
SO,:Cl to correct for sea-salts, since &
Nationally, there has been a disproportionabelieved to be retained relative to Cl after sea-salt
decline in dry, relative to wet, depositiondeposition episodes. For the majority of sites
Substantial reductions in both wet and dry xSctherefore, there is little indication of declining
and H" concentrations have occurred at sitexSO, concentration over the monitoring period.
within 100 km of major emissions sources, arHowever, data from longer time series for sites in
particularly those in the east Midlands anmid-Wales, and southwest and central Scotland,
Yorkshire. This has had a major effect in thshow that there has been a considerable reduction
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in xSQ, concentration from the early 1980s to thedeposition and high rainfall, both of which can
present. It is likely that sizeable depositiontemporarily enhance acidity. The 1988-1998
reductions coincident with a sea-salt correctioperiod appears at most only to encompass one
effect, were responsible for a large decline irlimatic cycle with regard to these effects.
XSO, concentration at Scottish sites in the midFurther years of monitoring are therefore
1980s. essential before the full extent of their influence
can be quantified and statistically removed, so
Although there is spatial correlation betweerthat any underlying deposition related trend may
NO3 deposition fluxes and surface waterbe identified.
concentrations, inter-annual variation in NO
concentration appear to primarily reflect climaticAre changes in acidity in UKAWMN sites
differences between years. reflected in aquatic biology?

Have improvements in pH or alkalinity beenAt two sites, Llyn Llagi and Loch Chon,
observed at sites where acid anionimprovements in pH are matched by linear trends
concentrations have declined, or elsewhere? in epilithic diatoms and macroinvertebrates

which are indicative of improved conditions. For
At the River Etherow and Old Lodge, the onlyLlyn Llagi, comparisons between the diatom
sites which have experienced large decreasesassemblage of sediment traps (recent) and a
xSQ,, there is little evidence of chemicalsediment core (the past) provide convincing
recovery over the interpretative period. Theevidence that biological recovery, at least at the
River Etherow exhibits considerable flow-lowest trophic level, is underway at this site. This
dependent temporal variability in acidity, sorecovery has seen the re-establishment of a
detection of an anticipated small overallsimilar diatom flora to that lost in the latter stages
improvement is particularly difficult here. of acidification. Whether continued
However, it appears that chemical recovery dmprovement might eventually lead to a return to
both the Etherow and Old Lodge may have beehe pre-acidification flora is of course impossible
slowed, as a result of base cation declines parttg predict and will only be ascertained by
offsetting declines in acid anions. Similarcontinued monitoring. Similar indications of
observations of delays in recovery have beereversal are evident for Loch Chon, but here it is
made in the United States and Scandinavialso possible that the observed trends are at least
although for the latter it appears that increases in part driven by climatic influences.
base cation concentrations and alkalinity are now
underway. For Lochnagar, the decrease in xSQOnter-annual variation in species assemblages at
has been outweighed by an even greater incredage sites which do not show trends, also appears
in NO;, and as a result this site has continued t reflect inter-annual variation in pH. These
acidify. The longer term datasets available for aesults are perhaps not surprising given the well
limited number of sites provide a moreestablished dependence of the diatom flora on
encouraging perspective. Relatively larggH, but do suggest that this community will
reductions in xS@observed in the mid-1980s respond rapidly, if, when and where real
were associated with increases in pH in mosthemical “recovery” occurs.
cases.

For the streams, there is strong, although
Seven UKAWMN sites do show positive linearindirect, evidence from rainfall data and flow/pH
trends in pH and/or alkalinity. However, theseelationships, that the diatom community reflects
sites are mostly in areas where depositiomean summer acidity. At sites such as the River
reductions have at best been very slight, and mdstherow, which undergo large variation in pH
show little evidence for downward trends in totadepending on the proportional contributions of
acid anion concentrations. It is therefore possiblsurface run-off and base-flow, very dramatic
that most observed trends primarily represent amprovements in pH at high flow would be
overall decline in the combined effects of sea-saftecessary for any effect to be observed in the
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summer diatom samples in the near future. Thiherefore represents another source of noise and
other primary producer group, the aquatidengthens the period of monitoring which is
macrophytes, provide no indication of responsaecessary for recovery trends to be identified.
to temporal variation in pH. There is a suggestion from UKAWMN data that
density differences between sites may be related
Linear trends in macroinvertebrate communitieso |abile Al concentrations. The most striking
which were identified for 11 sites, (mostly lakes)yithin-site relationship identified concerns a
can also be linked to variation in acidity,significant increase in trout density at Old Lodge
although in this case it is unclear whether there ighich mirrors the reduction in labile Al over the
any causal relationship or whether biology andame period. These data suggest that, for sites
chemistry are simply co-variable. It is likely thatwhere healthy populations are already present in
these trends reflect a general decline in thgetter buffered waters downstream, reductions in
intensity and/or duration of acid episodesabile Al might induce rapid upstream migration.
resulting from the combined effects of enhancedo date, temporal relationships between trout

sea-salt deposition and high rainfall over thejensity or condition factor and chemistry for
period of interpretation. If this is the case, angnost other sites are insignificant.

given the evidence from the longer term records

of a few sites, that emissions reductions have leg 82 Further Observations

to a gradual reduction in severity of spring

acidity since the early 1980s, we should expecttn . dition to answering the primary questions
see a gradual (although non-linear) mproveme%garding environmental response to the

in the lake fauna with time. Alternatively changing acid emission regime, the considerable

however, the Iake_ fau_na may _pnmarﬂy betime series of data collated by the UKAWMN
affected by other C|ImatI.C factors including theprovides new insights into environmental
frequency and magnitude of lake level

ilati by i | diff “'processes in upland freshwater catchments.
oscillations or by inter-annual differences "hese are often of direct relevance to the overall

winter temperature. It is therefore crucial tha%lirns of the Network, but are also broadening our
experimental work is undertaken, in ConjunCtiorhnderstanding of ,the influence of climate

with continued monitoring, to address thes(?/ariability, and the potential influence of long

ISSUes. term climate change on upland freshwaters. The
following points summarise the main findings of

The apparent sensitivity of the lakerecentdataanalysis.

macroinvertebrate community to climatic
conditions in spring, raises the question as tp
whether autumn sampling would provide a less
“noisy”, and therefore more easily interpretable

Increases in N©at Lochnagar, Round Loch of
Glenhead, Loch Chon and the River Etherow
' suggest increasing N saturation of these

.record of recovery .|n .rgspo.nse to chemical catchments, although they may also have been
improvements.  Similarities in the temporal influenced by small increases in KO

variation of species richness amongst Streamdeposition. Concentrations are expected to
sites, including those which show no relqtlonsh|p continue rising unless substantial reductions in
between pH and flow, suggest that physical flow deposition are achieved. At other sites, any

'C?Indmons arehllkely.to.have 'had a MaJor saturation-related increases that may be
influence over the monitoring period. occurring are obscured by other sources of

o i .. variation, including episodicity and seasonality.
Temporal variation in trout density and condition Inter-annual variations in NChave also been
factor data show less coherence between Slt€Sinked to climate; an inverse relationship has

Assessment of population statistics for fish are been demonstrated between winter temperature
complicated by their highly mobile nature. and spring N@ maxima, and is believed to

Cons.equently thg relative importance ~of reflect variations in the North Atlantic
recruitment, mortality and up- or down-stream Oscillation (NAO).

migration is very difficult to quantify. Mobility
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» Dissolved Organic Carbon (DOC) has major implications for detection of recovery
concentrations have increased strongly inrelated trends, applicable both to the
virtually all monitored regions of the UK; UKAWMN and to other monitoring
highly significant rising DOC trends have been programmes. Cyclical variations have the
identified at nineteen of the twenty-two potential either to mask underlying
UKAWMN sites, with concentrations at six anthropogenically-driven trends, or to generate
sites having doubled or more during the lastapparent trends as a result of natural processes.
decade. The biological impacts of these increas-Since these variations appear to operate at
es are likely to be varied, including reduced approximately decadal timescales, there is
light penetration due to increased water colourclearly a need to monitor over longer time
which could restrict the depth of plant growth; periods in order to fully characterise the impact
reduced penetration of potentially damaging of anthropogenic factors on surface water
UV-B radiation; and reduced toxicity to fish quality.
under acidic conditions due to organic
complexation of aluminium. It is not currently il 8.3 Assessment of Network
possible to identify a definite mechanism for,

DOC increases, or therefore to predict wheth Performance
they will continue into the future. However, the

most the most probable hypothesis is increaseghe Uk AWMN has been operating for almost 12
microbial decomposition of soil organic matteryears_ Over this period it has maintained high
resulting from increasing summer temperatureé$sandards of sampling and analysis. With very
Under a scenario of rising global temperaturege,y exceptions chemical and biological sampling
therefore, DOC and colour levels in upland 55 heen undertaken with consistent frequency,
waters may be expected to increase further. \hije minimal personnel changes have helped to
ensure that sampling protocols have been
Inter-annual variability in levels of sea-saltyzintained through time. Water chemistry

deposition has been identified as a major causgnoratories have participated regularly in AQC
of chemical variation in the UKAWMN dataset. schemes at both national and international level

The majority of UKAWMN sites lie within 50 44 have been shown to maintain consistently
km of western or southern coasts, and recei\ﬁ;gh standards.
large sea-salt inputs during westerly or south-

westerly frontal storms. The frequency of thesgere is Jittle evidence of catchment disturbance
storms has been shown to vary substantially; the majority of sites. Problems have arisen at
from year to year, with maxima associated with ooy Coire nan Arr, where the installation of a
high winter values of the NAO Index. Marine 45m and subsequent management of the water
ion concentrations at near-coastal sites haygye| nas had adverse biological impacts. At
consequently shown highly consistent cyclicalyrested sites, considerable clearance and
variations, with a major peak during the hightepjanting has been instigated at Allt na Coire
NAOI 1989-1991 period. Cyclical variations nan con, and since the end of the interpretative
have also been observed in non-marine cationgeriog, at the Afon Hafren. Forestry at other sites
including H and labile Al which are believed to ;g approaching maturity and felling programmes
result from cation exchange processege expected to be implemented soon. The River
associated with the sea-salt effect. It is proposgeherow appears to be occasionally influenced by
that a parallel process of marine S@sorption  gaq-salt and survey stretches have also been
and desorption may also operate, leading tQpject to vandalism. Despite this, the water
cyclical fluctuations in calculated xg@Which  chemistry record very clearly demonstrates the
are unrelated to variations in pollutant S inputS.equction in xSQand non-marine cations which
have resulted from the large decrease in xSO
* The identification of climatically-driven yenqsition, and the site continues to provide data
cyclicity in xSQ,, NO;, acidity, and other \yhich are representative for the area.
important measures of surface water qualitygediment traps, which were initially deployed in
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1991 with varying levels of success of retrieval in some catchments. Lags are also likely between
the following year, have now been operating well chemical improvements and biological
in all lakes for several years. Trap samples, inrecovery, particularly for organisms further up
conjunction with sediment cores taken at thethe food chain. These effects may not be
onset of monitoring, are now providing the most observed for some time yet but will only be
powerful evidence of biological recovery (or verified by monitoring.
inertia) at UKAWMN lakes.

e Water chemistry and biology of UKAWMN
Generally therefore, UKAWMN sites continue to sites demonstrates marked inter-annual
perform well and all are providing high quality variability, a considerable proportion of which
data. The extent to which between-site can be attributed to climatic variation. Given
relationships in temporal variation have beenthe amplitude of “noise” relative to expected
used in the analysis for this report underlines therates of recovery, longer time series are
important contribution each site lends to the necessary to identify underlying trends.

strength of the whole Network.
« The UKAWMN has the potential to provide

B 84 Recommendations valuable information regarding the impact of
possible long term climatic changes on upland
freshwater systems. Widespread rising trends in

In |Ight of the findings of this report we would DOC Suggest that such Changes may a|ready be

recommend: affecting UKAWMN sites.

Continuation of monitoring for the following « The UKAWMN database represents an
reasons: unparalleled, high quality and continuous

integrated time series for acid-sensitive

* In common with substantial numbers of other freshwaters in the UK. As the datasets continue
acid-sensitive freshwater catchments in the UK,to deve|0p their scientific value continues to

the majority of UKAWMN sites have clearly jncrease.
acidified, and remain in a damaged state. Most

show little evidence of chemical or biOlOgicala UKAWMN data are integra] to other national
recovery to date and such recovery will only be (j.e. ECN) and international (i.e. UNECE ICP)
identified by ongoing monitoring. monitoring networks.

*Acid emissions reductions continue to berhe UKAWMN would benefit from the following
implemented and deposition of total acidityenhancements:

should continue to decline for the foreseeable

future for the UK as a whole. HOWGVET, the]_) Increased frequency of chemical Samp“ng
extent to which the impact of future declines oRjuring winter months to better define the extent
freshwater ecosystems will be observed in thgnd intensity of sea-salt and flow driven episodes

more remote acid sensitive areas is unclear afgeally to weekly for streams and two weekly for
this can only be verified by further monitoring. |akes).

Deposition of NQmay have increased in some2) The inclusion of further biological groups to
remote areas and may continue to do S@nhance our understanding of ecosystem level
Continued monitoring is the only method ofresponses. Most importantly, zooplankton
assessing the potential impacts. samples should be collected at least annually but
preferably quarterly. An additional
macroinvertebrate survey each Autumn may
Acid pollutants stored in catchment soils argeveal more stable trends in fauna with time,

likely to be causing lags in dose-responsgjven the apparent sensitivity of spring samples
relationships, while future NQOsaturation and tg climatic variation.

consequent N breakthrough is possible for
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3) More rigorous assessment of transparency by
measurement of absorbtion of water samples at
multiple wave-lengths. Partitioning of DOC into
molecular weight ranges by ultra-filtration, so
that the causes of increases (should they
continue) be better understood.

4) Continuous measurement of water
temperature (including temperature profiles in
lakes) using self contained thermistor-
dataloggers to enhance our understanding of
links between climate and aquatic biology.

5) The collection of additional water, plant and
sediment samples for metals analysis, and
particularly for Cd, Hg, Pb, Zn and Cu. This

would help to address contemporary
international directives for this group of

transboundary pollutants.

6) The monitoring of an additional site in the
locality of Loch Coire nan Arr, which is
threatened by water level management, so that
this low deposition area will continue to be
adequately represented in the future.

7) The monitoring of another close-to-source
site, in the east Midlands or southern Pennines,
SO as to increase representation in areas where S
deposition is declining most rapidly.

8) Closer practical links, particularly between the
UKAWMN and the UK Acid Deposition
Network. Particular areas of collaboration should
include investigations into the dose-response
relationships for S© and Cl at specific
catchments, and other interpretative analysis of
temporally coterminous datasets.
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Appendix 1 - Table 1

Linear trend analysis of non-marine SO,2- in precipitation at UK monitoring sites
1986-1997 (peql-l yrl). Significant trends are listed in the final column.

Site slope se t_val t_df t_prob sigslope
Stoke Ferry -3.0610 0.6128 4.995 10 0.001 -3.0610
High Muffles -2.0060 0.6574 3.052 10 0.012 -2.0060
Preston Montford -0.7790 0.9001 0.865 10 0.407

Flatford Mills -3.6040 0.7125 5.057 10 0.000 -3.6040
Thorganby -2.4080 1.1719 2.055 10 0.067

Jenny Hurn -4.7900 0.8817 5.433 10 0.000 -4.7900
Wardlow Hay Cop -1.4800 0.6322 2.341 10 0.041 -1.4800
Bottesford -4.8090 0.7266 6.619 10 0.000 -4.8090
Woburn -3.5150 0.6058 5.802 10 0.000 -3.5150
Compton -3.2970 0.9557 3.449 10 0.006 -3.2970
Driby -2.6530 0.7876 3.368 10 0.007 -2.6530
Barcombe Mills -1.5870 0.4544 3.493 10 0.006 -1.5870
Glen Dye -0.2300 0.7861 0.293 9 0.776

Whiteadder -1.3930 0.5654 2.463 10 0.033 -1.3930
Redesdale -1.3510 0.6268 2.155 10 0.057

Bannisdale -0.3780 0.3305 1.143 10 0.280

Cow Green Resevoir -0.7010 0.3539 1.982 10 0.076

Hillsborough Forest -1.5070 0.8724 1.727 7 0.128

Eskdalemuir -0.4840 0.1258 3.851 10 0.003 -0.4840
Goonhilly -0.2730 0.4059 0.673 10 0.516

Yarner Wood 0.0160 0.4124 0.038 10 0.970

Loch Dee -0.7710 0.4224 1.826 10 0.098

Beddgelert -1.5200 0.8512 1.785 9 0.108

Tycanol Wood -0.3910 0.2678 1.461 10 0.175

Llyn Brianne -0.3900 0.2183 1.787 10 0.104

Achanarras -0.8490 0.3012 2.818 10 0.018 -0.8490
Pumlumon -0.1390 0.3707 0.376 7 0.718

Balquhidder -0.2070 0.4458 0.464 10 0.653

Lough Navar -0.0600 0.1405 0.425 10 0.680

Strathvaich Dam -0.1900 0.2802 0.679 9 0.514

River Mharcaidh -0.6060 0.2779 2.182 10 0.054

Polloch -0.5740 0.4342 1.322 5 0.243

Appendix 1 - Table 2

Linear trend analysis of NOj in precipitation at UK monitoring sites 1986-1997

(neql-l yr1). Significant trends are listed in the final column.

Site slope se t_val t df t_prob sigslope
Stoke Ferry -0.8217 0.3990 2.059 10 0.066

High Muffles -0.4056 0.3579 1.133 10 0.284

Preston Montford 0.5035 0.5013 1.004 10 0.339

Flatford Mills -0.8636 0.4820 1.792 10 0.103

Thorganby -0.5175 0.3317 1.560 10 0.150

Jenny Hurn -0.5594 0.3686 1.518 10 0.160

Wardlow Hay Cop 0.3916 0.3875 1.011 10 0.336

Bottesford -0.9965 0.3576 2.786 10 0.019 -0.9965
Woburn -0.3392 0.4032 0.841 10 0.420

Compton -0.7762 0.3956 1.962 10 0.078

Driby -0.1259 0.3961 0.318 10 0.757

Barcombe Mills -0.2832 0.3716 0.762 10 0.464

Glen Dye 0.6455 0.4385 1.472 9 0.175

Whiteadder -0.1608 0.4001 0.402 10 0.696

Redesdale 0.1469 0.3202 0.459 10 0.656

Bannisdale 0.4056 0.1476 2.748 10 0.021 0.4056
Cow Green Resevoir 0.0594 0.1986 0.299 10 0.771

Hillsborough Forest 0.2333 0.5875 0.397 7 0.703

Eskdalemuir 0.3042 0.1231 2.470 10 0.033 0.3042
Goonhilly 0.5664 0.3700 1.531 10 0.157

Yarner Wood 1.0000 0.3642 2.746 10 0.021 1.0000
Loch Dee 0.1643 0.2229 0.737 10 0.478

Beddgelert 0.2000 0.3260 0.613 9 0.555

Tycanol Wood 0.3357 0.1772 1.895 10 0.087

Llyn Brianne 0.4021 0.1177 3.418 10 0.007 0.4021
Achanarras 0.0315 0.2882 0.109 10 0.915

Pumlumon 0.6333 0.2001 3.165 7 0.016 0.6333
Balquhidder 0.3007 0.3229 0.931 10 0.374

Lough Navar 0.4755 0.1408 3.378 10 0.007 0.4755
Strathvaich Dam 0.1727 0.1157 1.492 9 0.170

River Mharcaidh 0.1853 0.1907 0.972 10 0.354

Polloch 0.0000 0.2020 0.000 5 1.000

Appendices

m 355



Appendices

Appendix 1 - Table 3

Linear trend analysis of NH,* in precipitation at UK monitoring sites 1986-1997
(neql-t yr1). Significant trends are listed in the final column.

Site slope se t_val t_df t_prob sigslope
Stoke Ferry -1.1713 0.7303 1.604 10 0.140

High Muffles 0.2727 0.6595 0.414 10 0.688

Preston Montford -0.2657 0.6729 0.395 10 0.701

Flatford Mills -1.3636 0.8771 1.555 9 0.154

Thorganby -0.4010 1.8026 0.222 9 0.829

Jenny Hurn -0.6294 0.9480 0.664 10 0.522

Wardlow Hay Cop 0.9790 0.5805 1.686 10 0.123

Bottesford -0.5769 0.7649 0.754 10 0.468

Woburn -0.3671 0.6914 0.531 10 0.607

Compton -0.5245 0.9725 0.539 10 0.601

Driby -0.7657 0.7929 0.966 10 0.357

Barcombe Mills -1.4441 0.6269 2.303 10 0.044 -1.4441
Glen Dye 0.5091 0.5545 0.918 9 0.383

Whiteadder -0.0909 0.4836 0.188 10 0.855

Redesdale 0.8951 0.6845 1.308 10 0.220

Bannisdale 0.4790 0.2890 1.657 10 0.128

Cow Green Resevoir 0.6154 0.2129 2.890 10 0.016 0.6154
Hillsborough Forest -0.5000 1.1047 0.453 7 0.665

Eskdalemuir 0.5280 0.2551 2.070 10 0.065

Goonhilly 0.3986 0.4511 0.884 10 0.398

Yarner Wood 1.0455 0.5022 2.082 10 0.064

Loch Dee -0.3566 0.3938 0.906 10 0.386

Beddgelert 0.7545 0.4282 1.762 9 0.112

Tycanol Wood 0.3671 0.2409 1.524 10 0.158

Llyn Brianne 0.3846 0.1731 2.222 10 0.051

Achanarras -1.0000 0.0000 1

Pumlumon 0.4667 0.3898 1.197 7 0.270

Balquhidder 0.4441 0.2757 1.610 10 0.138

Lough Navar 0.5105 0.1505 3.391 10 0.007 0.5105
Strathvaich Dam 0.2000 0.0647 3.091 9 0.013 0.2000
River Mharcaidh -0.0804 0.1700 0.473 10 0.646

Polloch -0.2143 0.2095 1.023 5 0.353

Appendix 1 - Table 4

Linear trend analysis of non-marine CI- in precipitation at UK monitoring sites
1986-1997 (neql-l yr1). Significant trends are listed in the final column.

site slope se t_val t_df t_prob sigslope
Stoke Ferry -1.4580 1.2060 1.209 10 0.254

High Muffles 3.6080 2.2220 1.624 10 0.135

Preston Montford -2.3530 3.7460 0.628 10 0.544

Flatford Mills -1.3530 1.1320 1.195 10 0.260

Thorganby -5.4930 2.3440 2.344 10 0.041 -5.4930
Jenny Hurn -6.3600 2.1800 2.918 10 0.015 -6.3600
Wardlow Hay Cop -1.8810 2.9580 0.636 10 0.539

Bottesford -4.1430 1.4160 2.926 10 0.015 -4.1430
Woburn -2.1150 1.4090 1.501 10 0.164

Compton -0.6570 2.4100 0.273 10 0.791

Driby -0.4200 2.2400 0.187 10 0.855

Barcombe Mills -8.4200 6.7950 1.239 10 0.244

Glen Dye 5.9450 1.2760 4.659 9 0.001 5.9450
Whiteadder 2.4860 1.8950 1.312 10 0.219

Redesdale -1.3570 1.8600 0.729 10 0.483

Bannisdale 0.2800 3.5150 0.080 10 0.938

Cow Green Resevoir 2.9130 1.1380 2.560 10 0.028 2.9130
Hillsborough Forest -2.0670 3.4600 0.597 7 0.569

Eskdalemuir -0.4620 1.7830 0.259 10 0.801

Goonhilly 1.3810 8.3020 0.166 10 0.871

Yarner Wood -3.1850 4.0650 0.784 10 0.451

Loch Dee -2.7620 2.7700 0.997 10 0.342

Beddgelert -2.5180 4.0810 0.617 9 0.553

Tycanol Wood 1.7410 4.4420 0.392 10 0.703

Llyn Brianne -0.8150 2.2720 0.359 10 0.727

Achanarras -4.0910 3.4150 1.198 10 0.259

Pumlumon -4.2000 3.6610 1.147 7 0.289

Balquhidder 1.6990 3.0560 0.556 10 0.590

Lough Navar -12.3460 6.4190 1.923 10 0.083

Strathvaich Dam 1.0910 3.7700 0.289 9 0.779

River Mharcaidh 1.5170 2.7680 0.548 10 0.596

Polloch -9.6790 7.4570 1.298 5 0.251
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Appendix 1 - Table 5

Trends in precipitation weighted mean concentrations of non-marine SO,2 for the
period 1988-1997 (ueql-! yr-1). Significant trends are listed in the final column.

site

Goonhilly

Yarner Wood
BarcombeMills
Compton
Flatford Mills
Woburn

Tycanol Wood
Llyn Brianne
Pumlumon

Stoke Ferry
Preston Montford
Bottesford
Beddgelert
Wardlow Hay Cop
Driby

Jenny Hurn
Thorganby

High Muffles
Bannisdale
Hillsborough Forest
Lough Navar
Cow Green Resevoir
Loch Dee
Redesdale
Eskdalemuir
Whiteadder
Balquhidder
Polloch

Glen Dye

River Mharcaidh
Strathvaich Dam
Achanarras

Appendix 1 - Table 6

Trends in precipitation weighted mean concentrations of NH,* for the period 1988-1997
(peql-l yr1). Significant trends are listed in the final column.

site

Goonhilly

Yarner Wood
Barcombe Mills
Compton
Flatford Mills
Woburn

Tycanol Wood
Llyn Brianne
Pumlumon

Stoke Ferry
Preston Montford
Bottesford
Beddgelert
Wardlow Hay Cop
Driby

Jenny Hurn
Thorganby

High Muffles
Bannisdale
Hillsborough Forest
Lough Navar
Cow Green Resevoir
Loch Dee
Redesdale
Eskdalemuir
Whiteadder
Balquhidder
Polloch

Glen Dye

River Mharcaidh
Strathvaich Dam
Achanarras

slope
0.1500
0.6860
-1.5840
-1.6660
-3.2280
-3.9890
-0.3780
-0.6170
-0.1390
-3.5950
-1.4290
-5.4810
0.4150
-1.8180
-3.8580
-5.0340
-3.1290
-3.0870
-0.7020
-1.5070
0.0550
-0.9900
-0.5890
-1.2500
-0.6140
-1.4930
0.1170
-0.5740
-0.0360
-0.2040
-0.0440
-0.9220

slope
0.7091
1.7212
-1.6848
1.0121
-1.6000
-0.1879
0.4424
0.1515
0.4667
-1.6485
-0.2545
-0.8242
1.0000
0.7152
-1.4545
-0.6242
-0.5765
-0.4848
0.6970
-0.5000
0.7273
0.3455
-0.0424
1.3697
0.5152
-0.3636
0.7030
-0.2143
0.4848
0.1636
0.2424
-1.0000

se
0.5349
0.3808
0.6508
0.6592
0.9429
0.8089
0.3937
0.2614
0.3707
0.8526
1.2087
0.9871
0.4667
0.6797
0.9418
1.2910
0.7105
0.6997
0.4454
0.8724
0.1816
0.4823
0.6037
0.8740
0.1700
0.8240
0.5958
0.4342
0.9529
0.3440
0.3272
0.3499

se
0.6269
0.5337
0.9064
1.1521
1.0612
1.0087
0.3489
0.2209
0.3898
1.0359
0.9489
1.0776
0.6316
0.8325
1.0892
1.3529
0.2741
0.8695
0.3403
1.1047
0.1774
0.2715
0.4022
0.6500
0.3538
0.6357
0.3798
0.2095
0.6789
0.1736
0.0734

t_val
0.280
1.802
2434
2.527
3423
4.932
0.960
2.361
0.376
4.217
1.183
5.553
0.889
2.674
4.097
3.899
4.404
4.412
1577
1.727
0.304
2.052
0.975
1.430
3.613
1.812
0.197
1.322
0.038
0.592
0.133
2.635

t val
1.131
3.225
1.859
0.879
1.508
0.186
1.268
0.686
1.197
1.591
0.268
0.765
1.583
0.859
1.335
0.461
2.103
0.558
2.048
0.453
4.100
1.272
0.105
2.107
1.456
0.572
1.851
1.023
0.714
0.943
3.305

|
o
=

O 00 00 00 U1 00 0 0 0 W 0 0 ~ 0 0 U1 00 00 00 ~N 0 0 0 ~ 0 0 0 W W W o

t_df
8
8
8
8
8
8
8
8
7
8
8
8
7
8

8

o)
@

-
w®® T ®w o g ®

t_prob
0.786
0.109
0.041
0.035
0.009
0.001
0.365
0.046
0.718
0.003
0.271
0.001
0.404
0.028
0.003
0.005
0.007
0.002
0.153
0.128
0.769
0.074
0.358
0.191
0.007
0.108
0.849
0.243
0.971
0.570
0.897
0.030

t_prob
0.291
0.012
0.100
0.405
0.170
0.857
0.240
0.512
0.270
0.150
0.795
0.466
0.157
0.415
0.218
0.657
0.103
0.592
0.075
0.665
0.003
0.239
0.919
0.068
0.183
0.583
0.101
0.353
0.495
0.373
0.011

sigslope

-1.584
-1.666
-3.228
-3.989
-0.617
-3.595
-5.481
-1.818
-3.858
-5.034

-3.129
-3.087

-0.614

-0.922

sigslope

1.7212

0.7273

0.2424
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Appendices

Appendix 1 - Table 7

Trends in precipitation weighted mean concentrations of Cl- for the period 1988-1997
(peql-l yr1). Significant trends are listed in the final column.

site slope se t_val t_df t_prob sigslope
Goonhilly -4.4000 11.6090 0.379 8 0.715

Yarner Wood -9.0850 4.9880 1.821 8 0.106

Barcombe Mills -7.8550 9.6590 0.813 8 0.440

Compton -3.6000 3.0180 1.193 8 0.267

Flatford Mills -0.6790 1.4480 0.469 8 0.652

Woburn -1.6910 2.0600 0.821 8 0.435

Tycanol Wood -3.7940 5.6910 0.667 8 0.524

Llyn Brianne -3.5090 2.9130 1.205 8 0.263

Pumlumon -4.2000 3.6610 1.147 7 0.289

Stoke Ferry -1.5330 1.5880 0.966 8 0.363

Preston Montford -5.0060 5.1060 0.980 8 0.356

Bottesford -5.0550 1.3650 3.703 8 0.006 -5.055
Beddgelert -7.7830 4.8810 1.595 7 0.155

Wardlow Hay Cop -5.8180 3.7600 1.547 8 0.160

Driby -1.1640 2.9320 0.397 8 0.702

Jenny Hurn -7.7270 2.5420 3.039 8 0.016 -7.727
Thorganby -6.3330 1.2620 5.020 5 0.004 -6.333
High Muffles 1.5330 3.0700 0.499 8 0.631

Bannisdale -3.7030 4.1650 0.889 8 0.400

Hillsborough Forest -2.0670 3.4600 0.597 7 0.569

Lough Navar -20.2970 7.0310 2.887 8 0.020 -20.297
Cow Green Resevoir 2.1940 1.1170 1.965 8 0.085

Loch Dee -6.5210 2.5470 2.561 8 0.034 -6.521
Redesdale -1.2670 1.7040 0.743 8 0.479

Eskdalemuir -1.7090 1.9350 0.883 8 0.403

Whiteadder 3.4060 2.0440 1.666 8 0.134

Balquhidder 2.1450 3.7570 0.571 8 0.584

Polloch -9.6790 7.4570 1.298 5 0.251

Glen Dye 5.3700 1.5090 3.559 8 0.007 5.37
River Mharcaidh 1.6670 3.6380 0.458 8 0.659

Strathvaich Dam -2.0180 4.0600 0.497 8 0.632

Achanarras -8.4120 3.2970 2.551 8 0.034 -8.412

Appendix 1 - Table 8

Trends in precipitation weighted mean concentrations of H+ for the period 1988-1997
(Heql-l yr1). Significant trends are listed in the final column.

site slope se t_val t_df t_prob sigslope
Goonhilly -0.0850 0.4401 0.193 8 0.852
Yarner Wood -0.0670 0.2800 0.238 8 0.818
Barcombe Mills -0.1150 0.4687 0.246 8 0.812
Compton -1.3640 1.1143 1.224 8 0.256
Flatford Mills -1.5090 0.5957 2.533 8 0.035 -1.509
Woburn -2.5760 0.5216 4.938 8 0.001 -2.576
Tycanol Wood -0.5090 0.3538 1.439 8 0.188
Llyn Brianne -0.7880 0.3172 2.484 8 0.038 -0.788
Pumlumon -0.4000 0.4265 0.938 7 0.380
Stoke Ferry -2.1270 0.7332 2.902 8 0.020 -2.127
Preston Montford -1.2730 1.1042 1.153 8 0.282
Bottesford -5.7150 1.5567 3.671 8 0.006 -5.715
Beddgelert -0.2330 0.3272 0.713 7 0.499
Wardlow Hay Cop -2.0850 0.7876 2.647 8 0.029 -2.085
Driby -2.9210 0.6849 4.265 8 0.003 -2.921
Jenny Hurn -3.9520 1.5252 2.591 8 0.032 -3.952
Thorganby -6.9460 1.5459 4.493 5 0.006 -6.946
High Muffles -3.9880 0.6060 6.580 8 0.000 -3.988
Bannisdale -1.2000 0.5581 2.150 8 0.064
Hillsborough Forest -0.5000 0.5358 0.933 7 0.382
Lough Navar -0.4610 0.1911 2411 8 0.042 -0.461
Cow Green Resevoir -1.6300 0.7402 2.202 8 0.059
Loch Dee -0.5330 0.4195 1.271 8 0.239
Redesdale -2.1760 0.7977 2.728 8 0.026 -2.176
Eskdalemuir -1.3640 0.3682 3.703 8 0.006 -1.364
Whiteadder -1.7330 0.6331 2.738 8 0.026 -1.733
Balquhidder -0.1330 0.5253 0.254 8 0.806
Polloch -0.6070 0.4670 1.300 5 0.250
Glen Dye -0.3090 0.9298 0.332 8 0.748
River Mharcaidh -0.5210 0.1825 2.856 8 0.021 -0.521
Strathvaich Dam -0.5820 0.3395 1.714 8 0.125

8 0.015 -0.982

3 5 8 . Achanarras -0.9820 0.3164 3.103



Appendix 1 - Table 9

Trends in precipitation weighted mean concentrations of NOj- for the period 1988-1997
(peql-l yr1). Significant trends are listed in the final column.

site slope se t_val t df t_prob sigslope
Goonhilly 0.9091 0.4629 1.964 8 0.085

Yarner Wood 1.6364 0.3470 4.715 8 0.002 1.6364
Barcombe Mills -0.2364 0.5330 0.443 8 0.669

Compton -0.3758 0.4747 0.791 8 0.451

Flatford Mills -1.3030 0.6453 2.019 8 0.078

Woburn -0.4606 0.5889 0.782 8 0.457

Tycanol Wood 0.4182 0.2452 1.706 8 0.126

Llyn Brianne 0.3333 0.1639 2.034 8 0.076

Pumlumon 0.6333 0.2001 3.165 7 0.016 0.6333
Stoke Ferry -1.0000 0.5715 1.750 8 0.118

Preston Montford 0.4000 0.6889 0.581 8 0.577

Bottesford -1.3758 0.4842 2.841 8 0.022 -1.3758
Beddgelert 0.8667 0.3327 2.605 7 0.035 0.8667
Wardlow Hay Cop 0.2970 0.4887 0.608 8 0.560

Driby -0.7091 0.4745 1.494 8 0.173

Jenny Hurn -0.6303 0.5269 1.196 8 0.266

Thorganby -0.9516 0.4100 2.321 5 0.068

High Muffles -0.8364 0.4436 1.885 8 0.096

Bannisdale 0.4727 0.2044 2.313 8 0.049 0.4727
Hillsborough Forest 0.2333 0.5875 0.397 7 0.703

Lough Navar 0.5818 0.1988 2.927 8 0.019 0.5818
Cow Green Resevoir -0.1394 0.2677 0.521 8 0.617

Loch Dee 0.2424 0.2953 0.821 8 0.435

Redesdale 0.1818 0.4143 0.439 8 0.672

Eskdalemuir 0.2788 0.1651 1.689 8 0.130

Whiteadder -0.3697 0.5603 0.660 8 0.528

Balquhidder 0.6182 0.3815 1.620 8 0.144

Polloch 0.0000 0.2020 0.000 5 1.000

Glen Dye 0.7091 0.5352 1.325 8 0.222

River Mharcaidh 0.3697 0.2559 1.445 8 0.187

Strathvaich Dam 0.3212 0.0952 3.372 8 0.010 0.3212
Achanarras -0.2970 0.3239 0.917 8 0.386

Appendix 1 - Table 10

Trends in precipitation weighted mean concentrations of Na* for the period 1988-1997
(neql-l yr1). Significant trends are listed in the final column.

site slope se t_val t_df t_prob sigslope
Goonhilly -2.8480 9.6820 0.294 8 0.776

Yarner Wood -7.2730 4.1450 1.755 8 0.117

Barcombe Mills -5.3270 8.1390 0.655 8 0.531

Compton -1.9640 2.6260 0.748 8 0.476

Flatford Mills 0.2360 1.2480 0.189 8 0.855

Woburn -0.4970 1.7580 0.283 8 0.785

Tycanol Wood -2.9090 4.9720 0.585 8 0.575

Llyn Brianne -2.3450 2.4610 0.953 8 0.368

Pumlumon -3.1500 3.1120 1.012 7 0.345

Stoke Ferry -0.7330 1.4010 0.523 8 0.615

Preston Montford -3.3450 4.3490 0.769 8 0.464

Bottesford -1.9450 1.2190 1.596 8 0.149

Beddgelert -6.6000 4.0090 1.646 7 0.144

Wardlow Hay Cop -3.2610 3.2530 1.002 8 0.346

Driby 0.5760 2.3810 0.242 8 0.815

Jenny Hurn -3.6790 2.0710 1.776 8 0.114

Thorganby -1.1170 0.8700 1.283 5 0.256

High Muffles 4.1150 2.4600 1.673 8 0.133

Bannisdale -2.0970 3.6100 0.581 8 0.577

Hillsborough Forest -1.4670 3.0070 0.488 7 0.641

Lough Navar -15.2420 5.4690 2.787 8 0.024 -15.242
Cow Green Resevoir 2.2240 0.9070 2.454 8 0.040 2.224
Loch Dee -5.0610 2.0690 2.446 8 0.040 -5.061
Redesdale -0.2610 1.4480 0.180 8 0.862

Eskdalemuir 0.9390 2.8660 0.328 8 0.751

Whiteadder 3.6970 1.8310 2.019 8 0.078

Balquhidder 2.2300 3.2100 0.695 8 0.507

Polloch -8.3570 6.4650 1.293 5 0.253

Glen Dye 4.9270 1.2500 3.941 8 0.004 4.927
River Mharcaidh 1.6360 3.3640 0.486 8 0.640

Strathvaich Dam -0.9520 3.9200 0.243 8 0.814

Achanarras -6.5880 3.0060 2.191 8 0.060
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Appendices

Appendix 1 - Table 11

Trends in precipitation weighted mean concentrations of marine SO,2* for the period
1988-1997 (peql-l yrl). Significant trends are listed in the final column.

Site slope se t.val t_df t_prob sigslope
Goonhilly -0.3864  1.1577 0.334 8 0.747
Yarner Wood -0.8982 0.5133 1.750 8 0.118
Barcombe Mills -0.6036  1.0097 0.598 8 0.566
Compton -0.1824  0.3155 0.578 8 0.579
Flatford Mills 0.0764  0.1488 0.513 8 0.622
Woburn -0.0955 0.2117 0.451 8 0.664
Tycanol Wood -0.3858 0.5893 0.655 8 0.531
Llyn Brianne -0.2615 0.3256 0.803 8 0.445
Pumlumon -0.2440  0.3823 0.638 7 0.544
Stoke Ferry -0.0773  0.1718 0.450 8 0.665
Preston Montford -0.3645 0.4965 0.734 8 0.484
Bottesford -0.1979  0.1399 1.415 8 0.195
Beddgelert -0.7313  0.4685 1.561 7 0.162
Wardlow Hay Cop -0.3582 0.3988 0.898 8 0.395
Driby 0.0888  0.2905 0.306 8 0.768
Jenny Hurn -0.4388  0.2476 1.772 8 0.114
Thorganby -0.2642  0.1783 1.482 8 0.177
High Muffles 0.4630 0.2946 1.572 8 0.155
Bannisdale -0.2612  0.4517 0.578 8 0.579
Hillsborough Forest -0.1100 0.3551 0.310 7 0.766
Lough Navar -0.8309 0.5661 1.468 8 0.180
Cow Green Resevoir 0.2503 0.1138  2.200 8 0.059
Loch Dee -0.5021 0.2311 2.173 8 0.062
Redesdale 0.0318 0.1860 0.171 8 0.868
Eskdalemuir -0.1252  0.2369 0.528 8 0.612
Whiteadder 0.3355 0.2357 1.423 8 0.192
Balquhidder 0.2524 0.3821 0.661 8 0.527
Polloch -0.9618  0.8001 1.202 5 0.283
Glen Dye 0.5448 0.1650 3.302 8 0.011 0.5448
River Mharcaidh 0.1915 0.3457 0.554 8 0.595
Strathvaich Dam -0.0655 0.4273 0.153 8 0.882
Achanarras -0.8297 0.3678 2.256 8 0.054

Appendix 1 - Table 12

Trends in precipitation weighted mean concentrations of Total SO,2* for the period
1988-1997 (neql-! yr1). Significant trends are listed in the final column.

site slope se t_val t_df t_prob sigslope
Goonhilly -0.2360 1.3474 0.175 8 0.865
Yarner Wood -0.2120 0.4559 0.465 8 0.654
Barcombe Mills -2.1880 1.0612 2.062 8 0.073
Compton -1.8480 0.6571 2.813 8 0.023 -1.848
Flatford Mills -3.1520 1.0335 3.049 8 0.016 -3.152
Woburn -4.0850 0.8840 4.621 8 0.002 -4.085
Tycanol Wood -0.7640 0.6879 1.110 8 0.299
Llyn Brianne -0.8790 0.4306 2.041 8 0.076
Pumlumon -0.3830 0.2894 1.324 7 0.227
Stoke Ferry -3.6730 0.9782 3.754 8 0.006 -3.673
Preston Montford -1.7940 1.2686 1.414 8 0.195
Bottesford -5.6790 1.0000 5.679 8 0.000 -5.679
Beddgelert -0.3170 0.5060 0.626 7 0.551
Wardlow Hay Cop -2.1760 0.8595 2.531 8 0.035 -2.176
Driby -3.7700 1.1174 3.374 8 0.010 -3.77
Jenny Hurn -5.4730 1.4021 3.903 8 0.005 -5.473
Thorganby -3.2720 0.7629 4.289 5 0.008 -3.272
High Muffles -2.6240 0.8366 3.137 8 0.014 -2.624
Bannisdale -0.9640 0.3820 2.523 8 0.036 -0.964
Hillsborough Forest -1.6170 0.9118 1.773 7 0.120
Lough Navar -0.7760 0.5279 1.469 8 0.180
Cow Green Resevoir -0.7390 0.4419 1.673 8 0.133
Loch Dee -1.0910 0.5870 1.858 8 0.100
Redesdale -1.2180 0.9423 1.293 8 0.232
Eskdalemuir -0.7390 0.3087 2.395 8 0.044 -0.739
Whiteadder -1.1580 0.9075 1.276 8 0.238
Balquhidder 0.3700 0.7644 0.484 8 0.642
Polloch -1.5360 0.8353 1.839 5 0.125
Glen Dye 0.5090 1.0247 0.497 8 0.633
River Mharcaidh -0.0120 0.4824 0.025 8 0.981
Strathvaich Dam -0.1090 0.4239 0.257 8 0.803

8 0.011 -1.752
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Appendix 1 - Table 13

Trends in rainfall for the period 1988-1997 (mm yr-1).
Significant trends are listed in the final column.

site

Goonhilly

Yarner Wood
Barcombe Mills
Compton
Flatford Mills
Woburn

Tycanol Wood
Llyn Brianne
Pumlumon

Stoke Ferry
Preston Montford
Bottesford
Beddgelert
Wardlow Hay Cop
Driby

Jenny Hurn
Thorganby

High Muffles
Bannisdale
Hillsborough Forest
Lough Navar
Cow Green Resevoir
Loch Dee
Redesdale
Eskdalemuir
Whiteadder
Balquhidder
Polloch

Glen Dye

River Mharcaidh
Strathvaich Dam
Achanarras

slope
5.5500
5.8500
8.9200
5.1800
-14.2500
-13.0000
2.5200
-22.1900
-37.5700
-4.7600
-7.8700
-4.0500
-61.2500
-4.0500
-4.5400
0.0700
-6.0300
1.0800
-45.7800
-0.1000
-2.3000
3.5200
-71.2800
-31.6500
-0.7000
-20.2700
-74.1300
-75.7500
0.1800
-24.8600
-38.4100
-13.4200

se
12.4600
14.3700
9.7000
12.2700
9.6300
12.1900
13.1400
15.2400
35.9600
11.2000
7.3800
13.7400
51.5600
16.8100
12.2400
8.6600
8.3100
13.0900
30.4900
13.7100
23.0000
17.2900
30.5600
9.5900
19.4400
11.4100
28.8800
36.9300
18.6800
11.7200
23.7400
10.2500

t_val
0.446
0.408
0.919
0.422
1.480
1.066
0.192
1.456
1.045
0.425
1.065
0.295
1.188
0.241
0.371
0.008
0.726
0.083
1.502
0.007
0.100
0.203
2.332
3.300
0.036
1.777
2.567
2.051
0.009
2121
1.618
1.309

L df
8

8
8
8
8

8
8
8
;
8
8
8
6
8

8
8
5

8

t_prob
0.668
0.694
0.385
0.684
0.177
0.317
0.853
0.184
0.331
0.682
0.318
0.775
0.280
0.815
0.720
0.994
0.501
0.936
0.172
0.994
0.923
0.844
0.048
0.011
0.972
0.114
0.033
0.096
0.993
0.067
0.144
0.227

Sigslope

-71.28
-31.65

-74.13
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Appendix 2

Location of nearby Meteorological Stations, rainfall data from which were applied in
analysis in Chapter 7. Data supplied by the UK Meteorological Office.

UKAWMN SITE METEOROLOGICAL STATION

name grid ref.
1. Loch Coire nan Arr Plockton NG 802332
2. Allt a’Mharcaidh Aviemore NH 896143
3. Allt na Coire nan Con Inverailort NM 764816
4. Lochnagar Balmoral NO 260946
5. Loch Chon Loch \enacher NN 598063
6. Loch Tinker Loch \enacher NN 598063
7. Round Loch of Glenhead Clatteringshaws NX 554780
8. Loch Grannoch Clatteringshaws NX 554780
9. Dargall Lane Clatteringshaws NX 554780
10. Scoat Tarn Eskmeals SD 085931
11. Burnmoor Tarn Eskmeals SD 085931
12. River Etherow Emley Moor SE 222130
13. Old Lodge Edenbridge TQ 492472
14. Narrator Brook Princetown SX 583740
15. Llyn Llagi Nantmor SH 603462
16. Llyn Cwm Mynach Arthog, Fegla Fach Farm SH 640153
17. Afon Hafren Cymystwyth SN 773749
18. Afon Gwy Cymystwyth SN 773749
19. Beagh's Burn Ballypatrick Forest ID 176386
20. Bencrom River Silent Valley 1J 305216
21. Blue Lough Silent Valley 1J 305216
22. Coneyglen Burn Lough Fea IH 764865
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Appendix 3

Participating organisations.

Project coordination ENSIS / Environmental Change Research Centre (ECRC),
University College London (UCL)

Chemistry database management Centre for Ecology and Hydrology (CEH)allingford
Biology database management ENSIS / ECRC
Central chemistry analyses CEH, Wallingford

Local chemistry analyses « Freshwater Fisheries LaboratoPitlochry, Perths.
« EnvironmenAgeng, Llanelli

Chemisty AQC: Water Research Centre (WRc), Medmenham
Continuous stream monitoring: * TES Ltd, Preston

« Scottish Environmental Proteatidgency (SEA)
« CEH Wallingford

Macroinvertebrate analyses School of Biological Sciences, QMW
Macrophyte analyses ENSIS / ECRC, UCL

Epilithic diatom analyses ENSIS / ECRC, UCL

Fishery coordination Institute of Freshwater Ecolgg Wareham

Fish analyses » Freshwater Fisheries LaboratoPitlochry, Perths.

« Institute of Freshwater Ecolgg/Nindermere
« School of Biological Sciences, QMW
» Poly Enterprises Ltd.(PEP), Plymouth
« EnvironmehnAgengy, Llanelli & Caernarvon
» Department bAgriculture, Northern Ireland

Sediment trap carbonaceous
particle and diatom analyses: ENSIS / ECRC, UCL
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