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The Future of Britain’s Upland Waters

The acid rain-acid waters debate
in the UK - a brief history

Rick Battarbee

Environmental Change Research Centre, University
College London, 26 Bedford Way, London,

WC1H 0AP, UK.

Email: rbattarb@geog.ucl.ac.uk

We now know that most upland waters in the UK are
severely acidified. But until the 1980s we had little knowledge
that acidification had indeed been occurring for over 100
years.The observations and prescient advice of Gorham in the
1950s, that the influence of acid rain “might be best sought in
the high tarns, since they are most dependent upon rain for
their nutrients........... and it is hoped that these matters will
receive some attention in the future” (Gorham, 1958), went
unheeded. The UK government of the time was pre-occupied
with urban smogs and the need to reduce air pollution,
especially smoke emissions, from cities. Indeed some of the
remediation measures for urban air pollution introduced in
the 1956 Clean Air Acts, including the building of new power
stations equipped with tall chimneys, may have unintentionally
aggravated the acid deposition problem by dispersing
emissions further from their source.The alarm was eventually
raised not in the UK but in Scandinavia when Svante Odén
and the Swedish Government claimed that fishery loss in
Sweden was caused by long-distance transported acidic
compounds from industrial countries upwind, including the

UK (Odén, 1968). Despite further papers in the early 1970s
(e.g. Jensen and Snekvik, 1972; Almer et al., 1974) providing
supporting evidence for Odén’s claim, the Central Electricity
Generating Board (CEGB), UK’s nationalised power utility at
the time, was not convinced that there was a cause-effect
relationship between acid rain and fish decline. In 1978 they
convened a workshop, held in the Cally Hotel, Gatehouse-of-
Fleet, to review the problem and the report from the meeting
(Wood, 1978) forms the first substantive publication on the
ecological effects of acid rain in the UK.

Shortly afterwards in a move partly designed to put pressure
on the UK, Dick Wright and Arne Henriksen from the
Norwegian Institute for Water Research (NIVA) in Oslo
teamed up with Ron Harriman and Brian Morrison from the
Freshwater Fisheries Laboratory in Pitlochry to assess the
acidification status of lakes and streams in the Galloway region
of south-west Scotland. Wright et al. (1980) subsequently
concluded that “the Galloway area thus appears to be yet
another region in which acidification of freshwaters has
occurred because of deposition of strong acids from the
atmosphere”.

The CEGB, however, was not persuaded, and preferred
explanations associated with land-use change and natural
processes, alternatives that were bolstered by Rosenqvist’s
forceful promotion of land-use change and soil acidification as
an explanation for fish decline in Norway (Rosenqyvist,
1978a,b). In the UK the land-use argument was supported by
the observation that afforested catchments had more acidic
water and poorer fisheries compared with moorland
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Figure I: Diatom diagram for The Round Loch of Glenhead.
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catchments (Harriman and Morrison, 1982; Stoner and Gee,
1985).The “natural process” case, that lake acidification was a
long term (post-glacial) natural process, was put forward by
Pennington (1984) supported by colleagues at the time in the
NERC Institute of Freshwater Ecology, Ambleside.

In the late 1970s the CEGB became aware of evidence for
recent acidification coming from an examination of diatom
assemblage changes in lake sediments in Norway by Frode
Berge (Davis and Berge, 1980). In order to evaluate the
Norwegian diatom results the CEGB funded Rick Battarbee
and Roger Flower from University College London (UCL) to
use a similar approach focussing on lakes in Galloway. Starting
with multiple hypotheses for the cause of low-pH lakes in
Galloway, we used diatom-pH transfer functions of dated
sediment cores from two sites (the Round Loch of Glenhead
and Loch Grannoch) to reconstruct the past pH of the lakes.
Both lakes were very acidic (pH 4.5-4.7) and had a similar
overall chemistry. They differed in that one, Loch Grannoch,
had a recently (from 1963) afforested catchment and the
other had a moorland catchment. We argued simply that if
afforestation was the cause of low pH then Loch Grannoch
should show evidence for increasing acidity after
afforestation, and that if both sites had acidified naturally over
the post-glacial period (approximately 11,500 years) then
neither should show evidence of rapid change over the last
50 years. The results disproved both hypotheses as the
Round Loch of Glenhead (Figure 1) showed evidence of rapid
recent acidification (from about 1850) and the acidification at
Loch Grannoch, the afforested site, began before, not after,
afforestation (Flower and Battarbee, 1983). These results, and
similar results from other sites, such as Loch Enoch, strongly
supported the acid deposition hypothesis (e.g. Battarbee et al.,
1985).

Despite these data and other evidence, the CEGB maintained
their rejection of acid deposition as the major cause of the
problem and were unprepared to introduce sulphur dioxide
removal technology into power stations. They promoted
instead the view that surface water acidification, however
caused, could be combatted locally and more cost effectively
by liming. To demonstrate the approach in the UK they
launched a major liming experiment at Loch Fleet in Galloway
(Howells and Dalziel, 1992).

By the mid-1980s diplomatic relations between Britain and
Norway became severely strained, with at one point the
Norwegians reportedly threatening not to send to the UK the
traditional gift of a Christmas tree for Trafalgar Square.
Concerned that the CEGB and the Department of Energy,
who were then leading the UK government’s research
programme into acid waters, might be on the wrong side of
the argument and were damaging the UK’s image overseas,
the Department of Environment assumed responsibility for
acid rain research and in 1984 launched a major initiative,
headed by Bob Wilson, to assess the impact of acid deposition
on all aspects of the UK natural environment including surface
waters. Shortly afterwards the CEGB, headed by Sir Walter
Marshall, together with the National Coal Board, headed by
Sir lan McGregor, aware that their in-house research and
research sponsored by them was perceived to lack objectivity,
provided a £5 million fund jointly to the Royal Society and to
the Norwegian and Swedish national science academies to

design a collaborative project involving Scandinavian and
British scientists to resolve the issue once and for all. This
became the Surface Water Acidification Programme (SWAP)
launched in 1985, directed by Sir John Mason and chaired by
Sir Richard Southwood, with a mission to report in 1990.

Somewhat to the surprise of the scientists involved in SWAP,
the Thatcher government in 1987 announced acceptance of
the Scandinavian position and made a commitment to reduce
S emissions before the SWAP programme had been half-way
completed. Later it became apparent that the change of heart
was related to advice to Mrs Thatcher from Sir Walter
Marshall who, on a tour of acidified lakes and forests in
Norway and Sweden in 1987, had been persuaded by the
Scandinavian evidence and returned convinced that emissions
should be reduced, if only as a gesture. In addition Mrs
Thatcher was in a mood to heed the advice, realising that
resolving this problem would improve her green credentials
before the forthcoming UK general election. However, so as
not to undermine the SWAP programme completely, the UK
government emphasised the need for the programme to
continue both to provide a stronger scientific underpinning of
the decisions already made and to provide a better scientific
basis for future decisions on the size of reductions in sulphur
dioxide that would ultimately need to be made.

SWAP duly reported with its findings at two Royal Society
Discussion meetings in 1989 and 1990 respectively, the first
devoted to the palaeolimnological evidence (Battarbee et al.,
1990) and the second covering the remaining programme
(Mason, 1990). A dinner at the Royal Society in 1990 (Figure
2) attended by the three prime ministers heralded the formal
end to hostilities.
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By 1990 as a result of both the DoE national programme, the
SWAP project, the continuing in-house work of the CEGB and
a range of projects funded by the Natural Environment
Research Council (NERC), it was possible to conclude that:

(i) all streams and lakes sensitive to acidification (i.e. those
with low natural alkalinity) and receiving significant acid
deposition had been acidified;

(ii) there was a dose-response relationship between S
deposition and acidification;

(iii) high altitude sites were more at risk due to their thin soils
and to enhanced deposition through the seeder-feeder
mechanism (cf. Fowler et al., 1988);

(iv) streams were especially vulnerable to acidic episodes;

(v) afforestation itself was not a major cause of acidification,
but forests were more effective at scavenging pollutant
aerosols than moorland vegetation; and

(vi) acidification caused whole ecosystem changes, not just a
decrease in fish populations.

The UK acceptance of the cause — effect relationship between
acid deposition and surface water acidification in 1987 had
several consequences for research on upland waters.

The first was the need to establish a monitoring network of
streams and lakes across the UK to assess the responses of
acidified waters to emission reductions.This led to the setting
up of the UK Acid Waters Monitoring Network in 1988
(Patrick et al., 1991) consisting of 22 lake and stream sites
throughout the UK comparing sites in areas of high and low
acid deposition and, in some regions, comparing sites with
moorland and afforested catchments. The network, now in its
seventeenth year, was designed to monitor water chemistry,
diatoms, macroinvertebrates, aquatic macrophytes and fish on
a seasonal, annual or longer basis as appropriate. Results have
been published every five years both in report form (Patrick
et al., 1995; Monteith and Evans, 2000) and in the international
peer-reviewed literature (e.g. Patrick et al., 1996, Monteith and
Evans, 2005).

The second consequence was the acceptance by the UK of
the UNECE Convention on Long-Range Transboundary Air
Pollution (CLRTAP) and its adoption of the “critical loads”
approach (Nilsson and Grennfelt, 1988) to assess the extent
and seriousness of acidification in all member states. For the
UK this required the first ever systematic sampling of
freshwater chemistry across the country on a grid square by
grid square basis (Kreiser et al., 1995) to enable critical load
maps to be made of the regions most sensitive to acidification.
After comparison with maps of present-day acid deposition
(taken as 1986-1988), the first critical load exceedance maps
for freshwaters were generated by the DoFE’s Critical Loads
Advisory Group (CLAG) in 1995 (CLAG Freshwaters, 1995)
using both the steady state water chemistry (SSWC) model
(Henriksen et al., 1992) and the diatom model (Battarbee et
al., 1996).

A central purpose of the critical loads approach is its use as a
policy tool, enabling exceedance maps to be generated not
just for present conditions but also for the future under
different scenarios of emission reductions. The first
exceedance maps of this kind published in 1995 were for a
comparison between the 1986-1988 sulphur deposition

values and future scenarios based on a 70% reduction by 2005
and an 80% reduction by 2010 (CLAG Freshwaters, 1995). In
the last 10 years there have been many updates of these maps
using different critical load models and different critical values
for acid neutralising capacity (ANC). The most recent maps
are shown, courtesy of Chris Curtis, in Figure 3. They are
based on the First-order Acidity Balance (FAB) model (Posch
et al., 1997), a methodology that takes into account all the
major processes controlling S and N export to surface
waters. It is now the preferred critical load model for national
and European mapping purposes.The critical ANC value used
in the model has also been revised since the first maps were
produced. In 1995 0 peq ! ANC was used (CLAG
Freshwaters, 1995) as the value that in theory allowed for a
50% probability of undamaged brown trout populations being
present at a site (Lien et al, 1992). Following extended
discussion this value has now been revised upwards on the
basis of improved knowledge to 20 peq I to afford better
protection to fish populations and provide a more realistic
target for the ecological restoration of upland waters based
on their pre-acidification status (Curtis and Simpson, 2004).

The third major consequence of the UK decision to reduce S
and N emissions in line with the UNECE CLRTAP was the
further development of process driven dynamic models of
acidification needed to assess time-scales of recovery based
on different emission reduction scenarios. The model most
favoured for this purpose is the MAGIC model (Cosby et dl.,
1985), developed for use in the UK by Paul Whitehead and
Alan Jenkins of the then Institute of Hydrology, Wallingford. It
has been used both to hindcast water chemistry, including
comparisons with diatom-inferred pH reconstruction (Jenkins
et al., 1990; Battarbee et al., 2005) and to forecast future water
chemistry under different scenarios. In this context it has
been applied both to streams and lakes, and to single sites and
regions (Evans et al, 2001) and it has been used to assess
impacts of land-use change (Cosby et al., 1990) as well as
changes in S and N deposition (Evans et al., 2001).

The early emphasis on surface water acidification was on the
effects of S deposition. Only in the mid-1990s (e.g. INDITE,
1994) was it realised that N deposition might also be
important, potentially having an ecological impact on surface
waters through both acidifying (Curtis et al, 2005) and
enriching (Maberly et al., 2002) processes. Its acidifying role is
probably the more important in upland waters. In many areas
of high N deposition in the UK, principally the Pennines,
North Wales, the Cumbrian Lake District and Galloway,
nitrate will soon replace sulphate as the dominant acid anion
(Curtis et al., 2005; this volume). In some regions attainment
of critical load targets requires reductions of N as well as S;
both steady state modelling using FAB (Curtis et al., 2005) and
dynamic modelling using MAGIC (Curtis and Simpson, 2004)
indicate threats of continued acidification if and when
catchment soils become saturated with N. Much current
research has been directed to this latter issue, essentially to
understand the behaviour of deposited N in soils and the
potential for N loss from soils to surface waters (Curtis et al.,
2005).

Upland waters are contaminated not only by acid deposition
but also by long range transported toxic substances, both
metals and organic compounds. Research in the UK on these
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FAB model exceedances of freshwater critical loads for acidity (April 2004 submission)
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Figure 3: UK Critical load/exceedance maps - latest data submission to CCE for April 2004 with mixed ANC 20/0.

substances has not been as extensive as for acidity and there
is considerable uncertainty about their space-time
distribution and their physiological and ecological impact on
aquatic biota. Studies of lake sediments (Rippey, 1990; Rose et
al, 2001;Yang et al., 2002) clearly indicate that lead, mercury
and other metals from anthropogenic sources have been
gradually accumulating in upland areas since the nineteenth
century, and brown trout populations in Lochnagar surveyed
during the EU-MOLAR project show high levels of mercury
contamination (Rosseland et al., 1997). A programme of trace
metal monitoring, including mercury, in bulk deposition, lake
water, aquatic macrophytes, aquatic invertebrates,
zooplankton and catchment plants is being maintained in
Lochnagar, and the EU-Eurolimpacs project will, in part, assess
future threats to lake and stream ecosystems from mercury
and other metals related to future global warming
(www.eurolimpacs.ucl.ac.uk).

Results from the recently published |5 year report of the Acid
Waters Monitoring Network (Monteith, this volume;
Monteith & Evans, 2005) show that some recovery is now
taking place at most sites throughout the country, following
patterns in other countries (Skjelkvale et al., 2005). A key
question is whether current protocols and directives when
fully implemented will lead to a more complete recovery to
the “good ecological status” required by the EU Water
Framework Directive. However, inspection of the data from
the monitoring network show that changes are taking place in
the chemistry and biology of upland waters that are not

necessarily only driven by the reduction in acid deposition.
For example, surface waters in afforested catchments behave
differently from those in moorlands and dissolved organic
carbon (DOC) concentrations are increasing at all sites in
areas of both high and low acid deposition (Monteith and
Evans, 2000). The reason for these increases is not known,
although there are many hypotheses including global warming
and recovery from acidification (Evans and Monteith, this
volume; Evans et al., 2005). Clearly more attention needs to be
given to the definition of “good ecological status” and its
attainability in the context both of the adequacy of
remediation measures and the influence of confounding
factors, including land-use and climate change.

Science questions for today

Despite delays and difficulties in the 1980s the threat of
sulphur deposition to upland waters in the UK and more
widely in Europe has been successfully identified and to a large
extent has been effectively managed by national governments.
However, there are additional issues that require continued
research and action.The key questions are:

* What will be the future trends in air pollutants, land-use and
climate change that separately and in combination control
upland water quality and aquatic biodiversity?

* Specifically, is there an increasing threat from N deposition,
what is the relative importance of different sources of N and
what processes lead to the release of N from catchments to
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surface waters!?

* What is the distribution and behaviour of toxic metal and
organic substances in upland catchments, and what are their
physiological and ecological impacts on aquatic biota?

* Why is DOC increasing in streams and lakes throughout the
uplands?

* What is the impact of different forms of moorland land-use
and management on nutrient and sediment loading to upland
waters!?

* What will be the impact of future climate change on upland
waters, both directly and indirectly?

* How will changes in these factors influence recovery from
acidification and the ecological targets set for upland waters?

The future health of upland waters in the UK depends not
only on a continuing research programme to understand the
impact of current and future ecological threats but also on a
parallel review of policies needed to ensure the effective
management of upland waters (see Murlis et al., this volume).

The following papers presented at a one day meeting on the
future of Britain’s upland waters at UCL review the current
status of research in the ecology of upland waters in the UK.
They stress the importance of upland waters (Duigan), threats
from future trends in chemical climate (Fowler et al.) and land-
use (Emmett et al.; Murlis et al.) and they report the results of
recent research on the chemistry and biology of upland
waters in the UK. These include evidence for recovery from
acidification (Monteith), the role of N compounds (Curtis et
al), trends in DOC (Evans and Monteith) and the effects of
heavy metal contamination (Tipping et al.). Alan Jenkins looks
to the future based on MAGIC modelling, David Viner stresses
the importance of understanding uncertainty in climate
models, and Dick Wright provides a Norwegian perspective.
The final discussion draws together the issues that need
addressing by policy makers, managers and users of upland
waters to ensure a more sustainable use of upland aquatic
ecosystems in the future.
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Introduction

The upland waters of Great Britain consist mainly of clear or
brown water lakes and pools, and headwater streams.
However, blanket bog and other water dependent habitats
also merit inclusion in any consideration of the conservation
importance of upland waters. In addition, mid-altitude and
lowland water bodies may be strongly influenced by
oligotrophic water from upland sources. All these
intergrading habitats support key biodiversity resources.

Landscapes

Upland water bodies are mainly based on hard ancient rocks
so their waters are naturally acid and nutrient poor. This
geological substrate is overlain with glacial sediment and a
range of soil types, including peat. Soils and waters are both
further influenced by inputs from the atmosphere e.g. sea salt,
nitrogen and sulphur. Together these environmental influences
produce a high diversity of landforms which are of intrinsic
value (e.g. for research and education, Figure 1) and often
define the character of the landscape.

The designation of a National Park provides a means of

recognising the environmental value of distinct landscapes.

There are two main objectives arising from designation:

- to conserve and enhance the natural beauty, wildlife and
cultural heritage of the National Parks; and

- to promote opportunities for the public understanding
and enjoyment of the special qualities of the Parks.

For example, in the Lake District National Park, sixteen lakes,

with a largely upland character, are said to be arranged like

“the spokes of a wheel” to provide the landscape framework.

Other organisations, such as the National Trust, also
appreciate the landscape and biodiversity importance of lakes
within their properties.

=

Figure I: The Afon Hirant, a famous study site in upland Wales.
(Photo - CCW).

Biodiversity Conservation

The upland hydromorphological and chemical environment
supports a diversity of ecosystems making them important in
terms of biodiversity conservation. In addition, dynamic
processes and natural succession create a shifting range of
habitat, often well represented in the British uplands. These
processes can produce a stratigraphic record of the local
environment, which adds to the conservation value (Ratcliffe,
1977). Upland waters are part of the national biodiversity
resource. National freshwater classification schemes allow the
recognition of ecologically distinct types (e.g. Holmes et al.,
1999; Palmer, 1992; Palmer et al., 1992). Representatives of
these types may qualify as Sites of Special Scientific Interest
(SSSI) and this may lead to higher-level national conservation
designations such as National Nature Reserves.

The media often report on the environmental condition of
global biodiversity “hot spots” but upland waters should be
considered equally important biodiversity “cold spots”. High
altitude isolated waters may have a naturally limited diversity
of macro-flora and fauna; some may be naturally fishless. In
some cases, unusual predator-prey relationships may develop.
For example, in lochs in Wester Ross (Scotland) newts are the
top predators in the food chain; in contrast to other local
lochs where brown trout are the dominant predators (lan
Sime, SNH, pers. comm.). If fish are stocked to the newt lochs
their unusual ecology will be irreversibly altered. The
guidelines for the selection of biological SSSIs recognise this
natural biodiversity limitation for high altitude/alpine waters
(Nature Conservancy Council, 1989).

Jones et al. (2003a) carried out a very interesting analysis of
the relationship between altitude and aquatic plant diversity.
They used plant species lists from over 300 lakes in Cumbria.
Species were assigned to attribute groups (i.e. species sharing
similar morphological and life history traits). With altitude,
they reported a decline in species richness, additive to the
effect of area; a decline in attribute groups but the number of
species per group increased; and high altitude species had
stress tolerant traits.

Therefore, any conservation evaluation of upland waters
should not discriminate against them on the basis of low
biodiversity, since this is a natural characteristic of these
systems.

International Conservation Legislation

Moving on from these academic considerations, it should be

acknowledged that the UK Government has statutory

obligations to protect specific upland habitats and species.

Some of these responsibilities have come with the

implementation of EU Directives:

* 1979: Directive on the Conservation of Wild Birds — the
Birds Directive;

* 1992: Directive on the Conservation of Natural Habitats
and of Wild Fauna and Flora - the Habitats Directive.

Sites designated as Special Protection Areas (SPAs) and Special

Areas of Conservation (SACs) respectively under these two

Directives will form the Natura 2000 series extending across

Europe.
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For example, the red-throated diver (Gavia stellata) is
protected by the Birds Directive. It has a northern holarctic
distribution with north-west Scotland acting as a regional
stronghold especially in Shetland, Orkney, the Western Isles,
Sutherland and Wester Ross (Stroud et al., 2001). The UK
holds 30% of the breeding population in the EU.The breeding
habitat is small water bodies within areas of open moorland.
In Britain, the SPAs for this species have a high degree of
naturalness, comprising blanket bog and wet/dry heath,
interspersed with oligotrophic pools, lochans and lochs
(Stroud et al.,, 2001).

Under the Habitats Directive three major UK upland habitat
types were included in Annex One, which requires the
designation of SACs:

* oligotrophic to mesotrophic standing waters with vegetation
of the Littorelletea uniflorae and/or of the Isoéto-Nanojuncetea
(Figure 2);

* natural dystrophic lakes and ponds (Figure 3); and

* blanket bog.

Figure 2: Typical Littorella dominated plant assemblage in an
upland lake (Photo - CCW).

Three types of Alpine river were also listed in the Directive
but they are not thought to occur in Britain. However, the UK
SAC:s designated for water courses of plain to montane levels
with the Ranunculion fluitantis and Callitricho-Batrachion
vegetation may include headwater streams. In addition, a
number of freshwater species dependent on upland waters at
least during part of their lifecycles, were also included in this
Directive, and a selection of these are introduced below.

Oligotrophic to mesotrophic standing waters with vegetation
of the Littorelletea uniflorae and/or of the Isoéto-Nanojuncetea
are characterised by amphibious short perennial vegetatio