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Forward
Climate is changing rapidly, beyond the range of previous natural variability. Natural
ecosystems, already under stress from land-use change and pollution, now face additional
pressures from climate change. These pose serious threats to human society as the
availability and quality of freshwater determines the functioning of every ecosystem, not
least those on which people depend. Predictions of the direct effects of climate change on
aquatic ecosystems are very complex, and predicting these in combination with other human
impacts poses an even greater challenge. The consequences of human activities on
freshwaters are considerable, an include;
* increased ultra-violet irradiation
* acidification by sulphur and nitrogen compounds
* mobilisation of organic substances from soils
* accelerated erosion and sedimentation in river channels
* damming and diversion of river flows
* eutrophication by nitrogen and phosphorus compounds
* structural alteration of rivers for flood prevention in the interests of agriculture
* fragmentation of habitats
* introduction of alien species and selective removal of others
All of these impacts interact with climate change. A European Union Framework 6
Integrated Project to Evaluate the Impacts of Global Change on European Freshwater
Ecosystems (Euro-limpacs) is concerned with the science required to understand and manage
the ecological consequences of these interactions. It is relevant to the Water Framework
Directive and other European and wider international directives and protocols and supports
the EU’s Charter on Sustainable Development. As part of the commitment of the Project to
increase understanding and awareness of the key science, policy and management issues
relating to climate change effects on aquatic ecosystems a one day meeting “Climate Change
and Aquatic Ecosystems in Britain: science policy and management” was held at University
College London on 16th May, 2007. This was co-sponsored by the UK Environment Agency,
The Freshwater Biology Association and the EC. The purpose of the meeting was to (i)
Review progress in modelling climate change and freshwater ecosystems in the UK; (ii)
Present the interim results of current UK and EU-funded research on climate change,
especially from the EU-Euro-limpacs, EU-CLIME and EU-PRINCE projects; (iii) Discuss
the implications for the implementation in the UK of current EU policies on water quality
and aquatic biodiversity (principally the Water Framework Directive and the Habitats
Directive) and (iv) identify gaps in our understanding and assess priorities for future
research. Presentations were given by scientists summarising work to date on climate change
projections, impacts and modeling and management strategies. Additionally, representatives
from key conservation and regulatory agencies as well as the water industry, highlighted key
issues and concerns in the UK from an ecological and policy perspective.
These proceedings comprise a report of the meeting and include papers by speakers at the
meeting. Battarbee and Kernan introduce Euro-limpacs and highlight the key issues being
addressed by the Project. Steynor demonstrated how the latest UK climate change scenarios,
UKCIP08 will provide greater clarity and quantification for decision making. Murphy et al.
show how the relationship between flow and macro invertebrate communities is complicated
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by the range potential flow indices, time windows and the specific features of individual river
sites. George exemplifies the effects that year to year variations in the weather have on the
physical, chemical and biological characteristics of large lakes. Moss et al provide a
prognosis for shallow lakes which outlines the likely effects of climate change and
eutrophication and outlines approaches for addressing these. Evans et al. highlight issues
affecting upland water quality, in particular climate change, acidity, nitrogen and water
colour. Whitehead gives some examples of the types of catchment management and
adaptation options that can be explored using modelling approaches. A management tool to
integrate environmental, social and economic data for catchment management is described by
Maltby et al. A conservation perspective is given by Clarke who identified a series of climate
change adaptation strategies for freshwater habitats and how these may represent a shifting
emphasis with regard to freshwater conservation A summary of a panel discussion held at the
end of the meeting is also included together with a joint statement from the key conservation
and regulatory organizations outlining their major concerns and highlighting gaps in current
knowledge.
M. Kernan, R.W. Batterbee & H. Binney (Editors)
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Aquatic ecosystem responses to climate change: the Euro-limpacs project
Richard W. Battarbee and Martin Kernan
Environmental Change Research Centre, University College London, Gower St.,
London, WC1E 6 BT.
rbattarb@geog.ucl.ac.uk

Introduction
Although General Circulation Models (GCMs) vary in their projection of future
climate change all are in agreement that significant warming will occur within this
century, principally as a result of a continued rise in the concentration of greenhouse
gases.
In the EU Euro-limpacs project (www.eurolimpacs.ucl.ac.uk) we are exploring how
climate change will affect the structure and function of freshwater ecosystems in
Europe and how current policies, protocols and directives for freshwaters might
consequently need to be modified.
Approaches
The scale and ambition of the project requires the combined use of many different
techniques including: (i) statistical and process-based modelling; (ii) analysis of longterm observational physical, chemical and biological data-sets; (iii)
palaeolimnological reconstructions to extend time-series and explore processes over
longer time-scales; (iv) the use of space for time substitution on the assumption that
future climate analogues can be found in space (altitude, latitude); and (iv)
conducting experiments in laboratories or in the field under controlled climate
conditions.
Project structure
The project is divided into several sections or work packages (WPs). The first five
WPs are concerned with developing an understanding of how climate change affects
freshwater ecosystems directly, through changes in temperature, precipitation and
wind (WP1) and indirectly, through interactions with other drivers, such as
hydromophology (WP2), eutrophication (WP3), acidification (WP4) and toxic
substances (WP5). WP6 is concerned with the development of integrated modelling
at the catchment scale and WPs 7-9 focus on management issues related to the
development of indicator approaches (WP7), how climate change affects restoration
strategies (WP8) and how the scientific knowledge generated in the project can be
best used (WP9). Figure 1.1 illustrates the linkages between the principal drivers of
change (climate, pollution and land-use), their impact on lakes, streams and wetlands
within catchments and the use of knowledge by society.
The following sections briefly describe the key questions and concerns being
addressed in these different work packages. A fuller account of the project, including
a presentation of some of the early findings is presented by Battarbee et al. (in press).
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Figure 1.1 linkages between the principal drivers of change (climate, pollution and
land-use), their impact on lakes, streams and wetlands within catchments and the use
of knowledge by society.

Direct impacts of climate change on aquatic ecosystems
Projected changes in climate will have far-reaching impacts on the physical, chemical
and biological characteristics of many if not all European freshwater ecosystems.
There is clear evidence already for increasing stream and lake surface water
temperatures (especially in the Alps), hypolimnetic warming in large lakes,
decreasing ice-cover in northern and high altitude lakes, decreasing stream flow and
lake level in southern regions, changes in conductivity, alkalinity and nutrient loading
in mountain lakes, changes in seasonality of phytoplankton (especially earlier spring
blooms), alterations to aquatic invertebrate life-cycles, changes in the geographical
range of taxa, an extension to growing seasons and increases in lake productivity.
These trends are predicted to continue in future. A key concern is whether and when
thresholds might be reached that lead to non-linear responses and whether these can
be predicted.
Interaction between climate change and other stressors
Indirect impacts of climate change through interactions with other stressors on
ecosystems may be equally as important as direct impacts, but more difficult to
predict and model.
7

Climate-hydromorphology interactions
One of the key concerns for stream and river systems is how future changes in
hydrology and land–use, as a result of climate change, will influence stream and river
discharge and channel morphology which in turn control riparian and channel habitat
structure and species diversity. Understanding these relationships will be essential if
current and proposed schemes for the re-naturalisation of river channels are to be
sustainably designed. In Euro-limpacs we are addressing these concerns by
comparing habitat structure and biodiversity relationships at stream sites across
Europe differing in discharge and degree of channel modification. A central
hypothesis is that changes in discharge regimes could benefit biodiversity if flooding
leads to the abandonment of floodplains for agricultural use but cause biodiversity
loss if habitats are impoverished by higher flows and sediment scouring.
Climate-eutrophication interactions
Whilst there have been major successes in Europe in reducing problems at many sites,
eutrophication still remains Europe’s most serious problem for freshwaters, especially
for shallow lakes and sites where diffuse pollution sources dominate nutrient loading.
In almost all situations climate change will make eutrophication a more difficult
problem to control. Growing seasons will lengthen, algal biomass will be encouraged
by warm, sunny weather, hypolimnetic oxygen conditions may deteriorate, and
cyanobacterial blooms may become more extensive and possibly more toxic. For
shallow lakes these problems may be exacerbated by food chain effects, especially by
a shift to more intense fish predation and reduced zooplankton populations in a
warmer climate. Euro-limpacs is evaluating these problems by comparison of food
chains in shallow lakes across Europe in different climate zones, by using mesocosm
experiments and by using evidence from long-term monitoring data and
palaeoecological records.
Climate-acidification interactions
Following more than two decades of decreases in sulphur dioxide emission, surface
waters across upland Europe are beginning to recover from the effects of
acidification. However a full recovery will take many decades, and the time-scale
and speed of recovery may be influenced by climate change. In some cases the
influence may be positive, where warming promotes alkalinity generation and
reduces the intensity of spring snow-melt episodes. In other cases the effect may be
negative where increased storminess, especially in maritime regions, increases the
severity of high discharge events in streams and where increased winter precipitation
and surface flows lead to an increase in the dilution of base cations. In Euro-limpacs
we are attempting to understand how these processes, operating on different timescales and involving many different biogeochemical interactions, can be incorporated
successfully into catchment acidification models.
Climate and toxic substance interactions
Although many of the most toxic substances introduced into the environment by
human activity have been banned or restricted in use, many persist, especially in soils
and sediments, and either remain in contact with food chains or can be re-mobilised
and taken up by aquatic biota. The high levels of metals (e.g. mercury, lead) and
persistent organic pollutants (POPs) (e.g. polychlorinated biphenyls, DDE) in the
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tissue of freshwater fish in arctic and alpine lakes attest to the mobility and transport
of these substances in the atmosphere and their concentration in cold regions. For
aquatic systems with long food chains biomagnification can elevate concentrations in
fish to lethal levels for human consumption. The major concern with respect to
climate change is the extent to which toxic substances will be remobilised and cause
additional contamination and biological uptake in arctic and alpine freshwater
systems as water temperatures rise, and whether storm events and flooding might
increase soil and sediment erosion and lead to the re-mobilisation of metals and
persistent organic compounds. In the case of Hg, changing hydrology in Boreal forest
soils may lead to the enhanced production of MeHg. A number of field projects and
field experiments are being conducted in Euro-limpacs aimed at evaluating these
issues. POPs research includes sampling programmes in the Pyrenees and Tatra
mountains, trace metal remobilisation studies are being conducted in Scotland and a
field experiment to assess the impact of increased precipitation on methyl mercury
(MeHg) generation is taking place in Southern Sweden.
Implications for policy and management
The impact of climate change is likely to be so far reaching that all national and EU
policies related to environmental protection will probably need thorough reevaluation. For freshwater ecosystems there are potentially major implications for the
Habitats Directive, the Urban Wastewaters Directive and the Water Framework
Directive (WFD). Polices relating to biodiversity and conservation will need to make
allowance for geographical shifts in the range of species, and for changes in the
nature of aquatic habitats both chemically and morphologically. This might include
the need for EU countries to work more closely together by assigning conservation
value at the continental rather than national scale, integrating activities to provide
migration corridors, improving habitat connectivity and being alert to the impacts of
climate change on the potentially disruptive effect of invasive alien taxa and
pathogens.
For the WFD and other policies associated with environmental restoration, climate
change has serious implications. In particular (i) the reference state, although
valuable as a concept, may be unstable for many freshwater systems over the longer
term as reference sites themselves are subject to change; and (ii) restoration targets
for disturbed systems may not simply be achieved by removing stresses, as how those
stresses interact or might interact with climate change in future will determine the
directions of ecosystems trends.
A critical concern is how best to transfer the results of the Euro-limpacs project to the
community of managers and decision makers charged with the protection of
freshwater ecosystems. In Euro-limpacs we are addressing this question at the global,
regional and local (catchment) scales, and engaging with a wide range of stakeholders
to develop a decision support system (DSS) of practical value to the user community.
Conclusions
Freshwater ecosystems are especially vulnerable to climate change, both through the
direct effects of changing temperature and precipitation patterns and indirectly
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through climate-driven changes in terrestrial ecosystems, land-use and pollution
loading.
Provisional results from Euro-limpacs show that climate change will cause significant
change in the structure and functioning of European rivers, lakes and wetlands as a
result of, for example:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

(viii)

loss of ice-cover and strengthening of summer stratification in lakes
reduction in river flow and lake water level, especially in southern Europe
melting of rock glaciers with associated solutes and pollutants in high
mountain regions
changes in biodiversity from increased river and lake temperatures
changes in channel hydromorphology affecting river and stream
biodiversity
increased algal growth, an increase in piscivorous populations and a
decline in hypolimnetic oxygen concentrations in eutrophic lakes
delay in recovery from acid deposition and threats to stream organisms
from increased frequency and magnitude of high discharge, low pH events
in upland regions of Northern Europe
change in the transport, deposition and food chain uptake of volatile
persistent organic pollutants and the remobilisation of toxic metals.

In cases where we have adequate understanding of the consequences, policies and
management practice will need to be adapted quickly to accommodate the threats. In
other cases there is an urgent need to continue research programmes designed to
address the many uncertainties. Throughout and underpinning everything is the
importance of maintaining and developing long-term monitoring networks that are
able to identify trends and alert both scientists and decision makers to future threats.
Acknowledgements
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UKCIP02 Climate Change projections for 2080 and what to expect from UKCIP08
A.C. Steynor
Oxford University Centre for the Environment (OUCE), South Parks Road,
Oxford OX1 3QY
anna.steynor@ukcip.org.uk

Introduction
In 2002 the DEFRA funded UK Climate Impacts Programme (UKCIP) published a set of
climate change scenarios for the United Kingdom. These scenarios, known as UKCIP02,
have been widely used as a primer for climate change policy and research in the UK. In
2008, a new package of climate change information called the UK 21st Century Climate
Scenarios (2008), or UKCIP08, will be released, reflecting the latest modelling efforts of the
Hadley Centre. This paper describes how the climate of the UK is expected to change by the
end of the century based on the UKCIP02 scenarios and provides some insight into what can
be expected from the UKCIP08 climate change scenarios.
Climate Change Projections for 2080 (UKCIP02) (Hulme et al. 2002, UKCIP02 Scientific
Report)
Annual and seasonal changes
The UKCIP02 climate change scenarios project that the average annual temperatures across
the UK may rise by between 2 and 3.5ºC by 2080 (Figure 2.1). This projection is based on a
range of four emission scenarios. In general, there will be greater warming in the south east
of the UK owing to the proximity of continental Europe. Further, there may be more
warming in summer and autumn than in winter and spring. Under a high emissions scenario,
the south east may be up to 5ºC warmer in summer by 2080.
Annual average precipitation across the UK is expected to decrease, by between 0 and 15%
by 2080 depending on which scenario is used. It is projected that the annual average winter
precipitation may increase by up to 35% and the annual average summer precipitation may
decrease by over 50% (Figure 2.2). Snowfall amounts will decrease significantly throughout
the UK, perhaps by between 30 and 90% by 2080. The impact of the decrease in European
snowfall may have significant impacts on some European ski resorts. It has been
recommended that ski resorts below 1500 m should no longer focus on skiing as their major
attraction (BBC News, 05/03/07). This has culminated in banks in Switzerland refusing to
lend money to resorts below this elevation (Swissinfo 13/12/06).
Climate change is also expected to alter seasonality. By 2050, typical spring temperatures
may be experienced between one and three weeks earlier and the onset of present winter
temperatures may be delayed by between one and three weeks. This could increase the length
of the thermal growing season for plants and alter demand for cooling required in buildings.
Summer soil moisture may be reduced by up to 30% over parts of England by 2050 and by
40% or more by 2080.
Changes in weather extremes
It is expected that high summer temperatures may become more frequent and very cold
winter days may become increasingly rare. Even for the low emissions scenario, about two
summers in three may be as hot as, or hotter than, the current warmest summer by 2080.
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Extreme winter precipitation may become more frequent. By 2080, the winter daily
precipitation intensities normally experienced once every two years on average, may become
up to 20% heavier. A combination of high temperatures and dry conditions in summer will
also become more common. By 2080, virtually every summer may be warmer and drier
across the UK than the summer of 2003 and 2006, independent of emission scenario used.
The UKCIP08 climate change projections
In October 2008, the UKCIP08 climate change scenarios (otherwise known as the 21st
Century Climate Scenarios (2008)) will be launched. These will update the UKCIP02
scenarios, but the headline messages from UKCIP02 will not significantly change.
Modelling of the new set of scenarios is already well underway at the Met Office Hadley
Centre. This section outlines the main difference between the forthcoming UKCIP08 climate
change scenarios and the existing UKCIP02 climate change scenarios and describes the
benefits related to modelling, presentation and delivery.
Modelling
The climate changes described in the UKCIP02 scenarios are based on the average of three
runs of the Hadley Centre climate model (HadCM3). This provides a single result (i.e. an
amount of change) for one emissions scenario, which is then scaled up or down for each of
the other emissions scenarios.
UKCIP08 will be based on a large ‘ensemble’ of Hadley Centre climate model runs for each
emissions scenario, and the final results will also incorporate information from single model
runs of other IPCC AR4 climate models. Together these results provide a statistical
distribution (i.e. a range of plausible changes with an estimated likelihood of occurrence) for
each emissions scenario. There are number of benefits from this type of modelling;
• The use of multiple model runs will permit the bounds of modelling uncertainty to be
better defined and quantified (i.e. the plausible limits of change) (Figure 2.3).
• The inclusion of the results of other IPCC models will allow decision-makers to evaluate
more easily a wider range of scenarios than is provided by the Hadley Centre model
alone (e.g. the UKCIP02 scenarios are generally ‘drier’ than some other IPCC climate
models). The use of a wider set of climate change scenarios is recommended for
applications with major policy recommendations or specific design criteria.
• The use of ensemble runs will allow the UKCIP08 output to be described in probabilistic
terms, which is better-suited to risk-based decision-making for adaptation.
Presentation
UKCIP02 provides climate change scenarios for the UK for:
• 50 x 50 km grid squares.
• three 30-year time-slices (2020s, 2050s and 2080s).
• four emissions scenarios (High, Medium–High, Medium–Low and Low).
• changes in monthly, seasonal and annual averages for 15 climate variables, with some
information about extreme events.
• changes relative to a baseline period of 1961–1990.
UKCIP08 will provide climate change scenarios for the UK for:
• 25 x 25 km grid squares, plus some aggregated results for administrative regions and
river catchments.
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•
•
•
•
•

overlapping 30-year time-slices, moving forwards in time with an increment of 10-years
(i.e. 2011–2040, 2021–2050, etc. until 2071–2100).
three future emissions scenarios (High, Medium and Low).
changes in monthly, seasonal and annual averages to a similar range of climate variables,
with some information about extreme events.
changes relative to a baseline period of 1961–1990.
additional information such as marine scenarios and changes to river flows.

There will be a number of benefits from these changes:
• The use of 25 x 25 km grid squares will provide better depiction of ‘local’ climate
changes through improved representation of the coastline, islands and topography.
• The inclusion of aggregated results will provide users with consistent and robust
summaries of the ‘typical’ climate change anticipated for specific parts of the UK, and
are expected to have particular applicability for users whose work involves regional or
hydrological considerations.
• The provision of overlapping time-slices will allow the evolution of changes in climate to
be tracked forwards in time, and should avoid the potential problem of ‘steps’ between
adjacent time-slices.
• The use of three emissions scenarios has the advantage of providing a single 'middle'
scenario. UKCIP02 users were previously faced with the potentially-confusing Medium–
High and Medium–Low scenarios.
• Retention of the 1961–1990 baseline period is consistent with previous UK climate
change scenarios (e.g. UKCIP98, UKCIP02) and with the current World Meteorological
Organisation (WMO) standard baseline climatology.
• It is hoped that the provision of extra information, e.g. marine scenarios, will provide a
better overall picture of the climate change anticipated for the UK and will have greater
applicability for a wider range of stakeholders and interest groups.
Delivery:
The UKCIP02 climate change scenarios are available as ‘scientific’ and ‘summary’ reports,
both of which include maps, technical information and guidance. The underlying model
output is available through the UKCIP Scenarios Gateway.
UKCIP08 will be delivered as ‘scientific’ and ‘summary’ reports, which will include maps,
technical information and guidance, similar to UKCIP02. A new dedicated web interface will
be developed to:
• deliver tailored climate change outputs in user-friendly formats, e.g.:
o the likely range of changes for selected climate variables
o the change associated with a specified probability
o the likelihood of exceedance associated with a specified threshold
o joint probabilities of changes for selected multiple climate variables
• allow access to the underlying probabilistic model output
• provide an integrated weather generator for simulation of daily (and sub-daily) timeseries consistent with the probabilistic climate change information.
• guide users through the process of obtaining and using the climate change information
via tutorials and case-study examples.
There will be a number of benefits associated with these changes;
13

•
•
•
•

The dedicated web interface should improve access to the climate change scenarios, and
provide a single home for all UKCIP08 related information, documentation and guidance.
It is planned that the web interface will provide different ‘entry points’ depending on the
requirements of the user.
The weather generator will allow future time daily (and sub-daily) time-series to be
simulated, which will be of use to any user who is interested in daily weather variables,
thresholds and sequences or extreme events.
Documentation and guidance material is planned to show users how they can best
incorporate climate change information into their decision-making.

Conclusions
Work on UKCIP08 is currently in progress with a launch date set for October 2008. The
process is constantly being informed by a wide range of users. Along with a completed user
consultation exercise and individual consultations, a users’ panel has also been created to
guide the process. It is important to note that UKCIP08 represents the users’ specifically
expressed climate change information needs and will be presented in a user-friendly
supportive environment providing a more robust management tool.
References:
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Figure 2.1: Projected mean annual temperature change (2080)
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Figure 2.2: Projection mean annual precipitation change (2080)

UKCIP02

UKCIP08

Figure 2.3: A schematic representation of the migration in modelling from UKCIP02 to
UKCIP08
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Developing indicators to climate-induced change in UK river ecosystems.
J.F. Murphy, C.E. Davies & T.A. Corbin
NERC Centre for Ecology and Hydrology
c/o FBA River Laboratory, East Stoke, Wareham, Dorset BH20 6BB
jomu@ceh.ac.uk

Introduction
The Earth is getting warmer at an accelerating rate. It is very unlikely that the warming is
due to known natural external causes alone; it can only be explained by taking account of
anthropogenic factors such as greenhouse gas emissions (Solomon et al. 2007). In Europe
decreased precipitation and increased temperatures are projected for southern areas while
increased precipitation and temperatures are predicted towards northern latitudes (Solomon et
al. 2007). According to UKCIP02 projections, by the end of this century UK winters may be
1.5-3oC milder and 10-35% wetter than the latter half of the 20th century, depending on
emissions scenario and region (Hulme et al. 2002). UK summers may be 1.5-4.5oC warmer
and 10-40% drier, again depending on scenario and region (Hulme et al. 2002).
A key question for freshwater biologists is how climate change will impact on rivers and the
biota they support. This is a complex and difficult question to answer because any increases
in temperature or changes to rainfall patterns will not affect river ecosystems independently
of existing stressors such as eutrophication, land-use intensification and urbanisation.
Climate change would be expected to affect rivers primarily through changes in air
temperature and precipitation affecting water temperature and discharge patterns. Any
relatively rapid shifts in the timing and magnitude of the annual temperature or discharge
cycle beyond the normal range may have impacts on river biota. We would expect that biota
currently found in rivers have life cycles and species traits adapted to maximise fitness for
present environmental conditions. If conditions change, at too quick a rate or to an excessive
extent, then species may not be able to adapt or disperse to remaining pockets of suitable
habitat. Ultimately species may be lost from individual catchments. The response of the
human population to climate change will also have important consequences. It is difficult to
forecast whether management and modification of the catchment may increase to adapt to
climate change or whether the response would be to retreat from the catchment. The
prediction of ecological responses to climate change is therefore weighed down by
considerable uncertainty.
As yet, there have been few reports of river biota exhibiting a clear phenological or
distributional response attributable to recent climate change (e.g. Daufresne et al. 2003, Hari
et al. 2006, Durance & Ormerod 2007), though there are numerous examples from terrestrial
and marine ecosystems (Parmesan 2006). The difficulty is that multi-decadal time-series of
biological and environmental data are needed to be able to accurately quantify, first the
extent of inter-annual variability, then the response of biota to natural longer-term climate
cycles e.g. North Atlantic Oscillation (NAO) before any signal attributable to directional
climate change can be detected. Such data sets are rare for rivers. An alternative approach is
to demonstrate the potential for biota to respond to climate forcing by quantifying the
relationship between past climate variability and community structure or species population
dynamics over relatively shorter time periods, without invoking directional climate change.
Then, using these models, attempt to predict the likely biological responses to projected
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future climate change (Bradley & Ormerod 2001, Xenopoulos et al. 2005, Harper &
Peckarsky 2006).
In the current study, we attempted to link temporal variation in the aquatic plant and
macroinvertebrate community to variation in discharge patterns at a site on the River
Lambourn in southern England. We then modelled future discharge patterns for the R.
Lambourn and speculated on the likely biological responses to the projected changes. During
the 1970s detailed work was undertaken on this river, assessing impacts of flow variability
on the biotic communities (Wright 1992, Wright & Symes 1999). During this period the
river experienced a sustained low-flow episode (1976). These data, therefore, are very
suitable for determining links between discharge dynamics and biotic community responses.
This paper describes a re-analysis of these existing data to identify potential indicator taxa to
climate-induced changes to river discharge regimes and attempts to highlight gaps in current
knowledge and what is required to fill these gaps.
Methods
Study catchment
The R. Lambourn is a tributary of the R. Kennet in the western part of the R. Thames
catchment (Fig. 3.1). The Lambourn catchment (265 km2) has a relatively sparse river
network due to its underlying porous chalk geology. The river flows for over 20 km from its
head at 125 m.a.s.l to the confluence with the R. Kennet at 70 m.a.s.l (Bradford 2002). The
catchment is dominated by arable land, improved pasture and to a lesser extent deciduous
woodland. Mean air temperatures in the Lambourn valley vary over the year from 3-16oC
with a peak in July-August. Rainfall does not vary substantially throughout the year though
there does tend to be slightly more rainfall during the autumn and winter months (Fig. 3.2).
Over 80% of river flow is derived from groundwater stores (Bradford 2002). There is a
gauging weir on the R. Lambourn at Shaw, 2 km upstream of the confluence with the R.
Kennet.
Sampling site and methods
Details of the study site at Bagnor (just downstream of the confluence of the R. Lambourn
with its main tributary, the Winterbourne stream) and sampling methods are provided in Ham
et al. (1982), Wright & Symes (1999) and Wright et al. (2003). The Lambourn at Bagnor
was surveyed in June and December between 1971-1979. The coverage of major
mesohabitats present over a fixed 50 m reach was mapped using the ‘rectangles’ method
(Wright et al. 1981). There were five mesohabitats recorded at the site over the study period;
Berula, Ranunculus and Callitriche plant stands, gravel and silt. The macroinvertebrate
community associated with each mesohabitat was also quantitatively sampled on each
occasion using a modified Hess sampler (in a stratified random design with five replicate
samples per mesohabitat) (Wright et al. 2003). Macroinvertebrates were identified to family
level and abundances recorded. This then allowed the calculation of an average taxon
density per m2 of each mesohabitat.
Discharge, rainfall and temperature
Daily discharge data for the R. Lambourn at Shaw and associated monthly catchment
precipitation
were
retrieved
from
the
National
River
Flow
Archive
(www.nerc-wallingford.ac.uk/ih/nrfa/index.htm) for the study period. Daily air temperature
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data, recorded in Lambourn town towards the western end of the catchment, were retrieved
from the British Atmospheric Data Centre (http://badc.nerc.ac.uk) for the same period.
Modelling the R. Lambourn discharge regime
Predictions of monthly air temperature (oC) and mean monthly precipitation (mm/day) for the
period January 2071-December 2100, based on the Rossby Centre regional atmosphereocean (RCAO) model and a high resolution global atmosphere model from the Hadley
Centre (HadAM3H) under IPCC B2 scenario (medium-low emissions), were downloaded
from the website of the EU Framework V project PRUDENCE (Prediction of regional
scenarios and uncertainties for defining European climate change risks and effects, EVK2CT2001-00132). The predictions were for a 625 km2 grid incorporating the Lambourn
catchment.
Monthly air temperature data from Lambourn town, monthly catchment precipitation and
monthly discharge data at Shaw was used to determine the relationship between catchment
air temperature and rainfall, and the ultimate discharge in the river. IHACRES is a
catchment-scale rainfall-stream flow modelling tool that can characterize the dynamic
relationship between basin rainfall and discharge (Littlewood 2002). An initial calibration
procedure was followed to derive the optimal model that could predict discharge from a
catchment based on an air temperature and rainfall 1974-1995 time series. This model was
then applied to the period 2071-2100 using the predicted climate data from the RCAO
HadAM3H model to obtain a mean monthly discharge time series for the R. Lambourn at
Shaw. The 1974-1995 and 2071-2100 discharge time series were compared in terms of the
magnitude, frequency and timing of extreme discharge events.
Statistical Analysis
Using the habitat data collected from 1971-1979, we first quantified the correlation between
June mesohabitat cover and discharge levels for the previous winter period. We then used
detrended correspondence analysis to investigate the associations between macroinvertebrate
taxa and particular mesohabitats. Using Kruskal-Wallis tests we also tested the null
hypothesis that taxa would be found in equal abundance across all mesohabitats i.e. would
show no mesohabitat preference. These analyses were based on 90 discrete estimates of
taxon density in a given mesohabitat at the site (5 mesohabitats over 9 years with 2 sampling
occasions per year).
Data were not collected frequently enough to allow time series analysis between various
different discharge indices and either taxon richness or abundance of individual species.
However we did investigate the relationship (ignoring the temporal autocorrelation) between
the early summer macroinvertebrate community at Bagnor and the extent of the previous
winter discharge.
Results
R. Lambourn climate and discharge regime
The RCAO HadAM3H model, under the B2 scenario predicts a 3.5-4oC increase in air
temperature between the 1974-95 and 2071-2100 periods. This temperature increase is most
pronounced during the summer and winter months and less so in the spring and autumn (Fig.
2). Rainfall patterns will change markedly between the two periods. At present mean
monthly rainfall does not have a very distinct annual cycle, with considerable year to year
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variation masking any strong pattern. In general there is marginally less rain during the
summer months and a modest peak during the winter months. During the period 2071-2100
a much more clearly defined seasonal pattern will be evident. The amount of rain falling will
also increase markedly relative to present levels, particularly during the autumn and winter
months. There will be less rainfall than at present during the summer months (Fig. 3.2).
These differences will have consequences for the discharge regime in the R. Lambourn. The
discharge model generated using IHACRES gave a reasonably good match to the observed
data for the calibration period 1974-1995, accounting for nearly 70% of the temporal
variations in discharge. The model was then applied to the projected mean air temperature
and rainfall data for the period 2071-2100 to generate an estimate of R. Lambourn discharge
regime at the end of this century.
The model predicted a substantially different discharge regime for the R. Lambourn at Shaw
during the 2071-2100 period (Fig. 3.3). The difference is illustrated by comparing the 5, 25,
50, 75 and 95 percentile values for the two periods (Table 1). The monthly discharges values
over the two periods differ substantially in terms of the median and percentile thresholds.
The difference is almost entirely at the high discharge end of the spectrum. Median monthly
discharge increases by 26% between the two periods. However the frequency of occurrence
of low flow episodes does not appear to change substantially between the two periods.
There were two prolonged drought events in the 1974-1995 period, caused by lack of
sufficient winter recharge in 1976 and again in 1991 and 1992. The modelled discharge data
for 2071-2100 predicts that equivalent droughts are less likely to occur. Even the poorest
winter recharge levels for the period are comparable to current normal recharge levels. The
most pronounced difference between the two periods is in terms of the magnitude of the
winter recharge peaks. During 1974-1995 only 10 of the 22 annual recharge peaks exceeded
3 m3s-1, while for the 2071-2100 period, 24 of the 29 peaks exceed this level. The Q75
discharge level, which approximates the ‘normal winter’ recharge peak level, increases from
2.3 m3s-1 to 2.9 m3s-1 between the two periods. The Q95 discharge level increases from 3.4
m3s-1 to 5.2 m3s-1 over the same period.
The spring recharge during the 2071-2100 period will reach a peak about 1 m3s-1 greater than
current levels (Fig 3.3). Also the peak discharge period will occur about 1 month later than
at present from Feb-April to Mar-May. The range of inter-annual variation in discharge is
currently greatest in the Jan-Mar period, with Feb in particular being variable year-to-year.
During the period 2071-2100 it is predicted that the period of comparable inter-annual
variability will extend from Jan-June, with greatest uncertainty during March, April and
particularly May.
The median and range of summer and autumn low-flows is not predicted to change to the
same extent as in the winter-spring. However, mid-summer discharges may generally be
slightly elevated and the beginning of the winter recharge may be delayed by about 1 month
shifting from Nov to Dec. These predicted changes to discharge magnitude, frequency and
timing may well affect the physical structure of the R. Lambourn and its riparian zone, as
well as the flora and fauna it supports.
Mesohabitat-discharge relationship
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There were no significant correlations between early summer mesohabitat cover and
discharge over the previous winter (December-March) period (Table 3.2). However, there
were pronounced positive relationships between Q75 winter discharge and cover of Berula
and Ranunculus mesohabitats (rs = 0.65, P =0.06; rs = 0.68, P =0.05). There was also a
pronounced negative relationship between Q75 winter discharge and gravel cover (rs = -0.58,
P =0.10). Neither Callitriche nor silt cover exhibited an obvious pattern with variation in
winter discharge.
Macroinvertebrate-mesohabitat associations
Multivariate pattern analysis indicated that the macroinvertebrate community did not differ
markedly between mesohabitats. Gravel samples generally tended to be somewhat distinct
from the other habitats with Glossosomatidae, Goeridae, Ancylidae and Heptageniidae being
relatively more abundant in this mesohabitat (Fig. 3.4). Silt tended to support a less diverse
community than other mesohabitats (Fig. 3. 4).
A univariate assessment of mesohabitat association for individual taxa revealed that most
taxa did in fact show significant differences in their density between the mesohabitats (Table
3.3). However, there were no taxa strongly associated with only one particular plant
mesohabitat; they tended to be equally abundant on two or all three plant stands.
Ephemerellidae, Ceratopogonidae, Hydracarina, Caenidae, Hydroptilidae, Simuliidae,
Empididae, Asellidae, Physidae, Lepidostomatidae, Planariidae and Planorbidae were among
the taxa that seemed to clearly favour the plant mesohabitats over the gravel or silt habitats.
Simuliidae were more abundant in Berula and Ranunculus than in Callitriche stands, while
Hydroptilidae, Asellidae and Physidae were most abundant in Callitriche (Table 3.3).
Chironomidae, Gammaridae and Baetidae were relatively abundant across all mesohabitats
but had their lowest densities in the mineral substrates. Sphaeriidae was the only taxa
strongly associated with silt. Taxa strongly associated with gravel included Goeridae,
Tipulidae, Glossosomatidae and Ancylidae, supporting the patterns evident in the
multivariate analysis. Ephemeridae, Lumbricidae, Hydrobiidae, Dytiscidae and Haliplidae
did not differ in density between the mesohabitats (Table 3.3). Total densities of
macroinvertebrates also varied significantly between mesohabitats with the plant stands
supporting greater densities than the mineral substrates. Taxon richness also varied
significantly between mesohabitats but only due to a minor reduction in richness in the silt
habitat (Table 3.3).
Macroinvertebrate-discharge relationship
Based on these findings, we hypothesised that the density of those taxa associated with
Berula (Simuliidae and Caenidae) and Ranunculus (Simuliidae and Ephemerellidae) should
have a positive relation with previous winter discharge levels. Conversely we would expect
those taxa associated with gravel (Goeridae, Tipulidae and Glossosomatidae) to have a
negative relationship with previous winter discharge levels. Density of Simuliidae and
Caenidae exhibited a significant positive linear relationship with winter discharge levels (Fig.
5). None of the 3 taxa associated with gravel were significantly linearly correlated to winter
Q75 discharge. However, Glossosomatidae and Tipulidae did show a unimodal response to
the extent of the previous winter Q75 discharge, with highest densities at intermediate
discharges (Fig. 3.5).
Discussion
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We have shown that the extent of winter river discharge is only weakly related to the
subsequent early-summer cover of different in-stream mesohabitats. Furthermore we have
found that most macroinvertebrate taxa are not bound to a particular mesohabitat but instead
tend to be distributed across 2-5 of the available habitats. This ensures that the
macroinvertebrate community is buffered against inter-annual variation in the extent of the
different plant and mineral habitats and ultimately the discharge regime. From the data we
have compiled and analysed it is not clear how the aquatic plant or macroinvertebrate
community would respond to the projected changes in the R. Lambourn discharge regime.
Ultimately we do not have a sufficiently long time series to allow us to distinguish the
relationship between the biota, the in-stream habitats and discharge from the inter-annual
variation. There is too much noise in the relationships to allow us to confidently make
predictions.
What we can propose however, is that the projected increases in river discharge during the
late winter-early spring months may mean that summer cover of Berula and Ranunculus
habitats will increase while that of gravel, Callitriche and silt will decrease. However this
may well be an over-simplification, as it is likely, given the extent of the changes in winter
discharge and subject to the management response, that the physical structure of the river
would also change with new marginal habitats and a greater diversity of mesohabitats being
created. The wetter winters may result in a wider river with a less intensively managed
riparian corridor. Alternatively if the human response is to engineer the river so that it drains
the catchment of the extra rainfall more efficiently, then a more homogenous less diverse
habitat is the likely outcome.
There are a number of factors that are likely to be undermining our ability to quantify more
accurately the discharge-habitat-biota relationship. Firstly, the macroinvertebrate data were
only identified only to family level. Within some of the more diverse families such as
Limnephilidae, Chironomidae and Hydroptilidae are species with a range of different habitat
preferences and autecological traits. An apparent lack of preference among the available
habitats at family-level may mask a series of non-overlapping preferences for the constituent
species. Secondly, we have no data on the frequency or intensity of weed-cutting along our
study stretch during the 1970s. The R. Lambourn is a very successful trout fishery and many
reaches are managed to optimise the trout stock. One management intervention involves
cutting back stands of aquatic plants to allow areas of open water for anglers to fish. This
cutting does not seek to remove all the plant stands; their value as a refuge from flow and a
source of food are appreciated by the river managers. Therefore the relationship between
mesohabitat cover and previous winter discharge may be confounded by the extent of cutting
during spring. No records are available for timing or intensity of cutting at the Bagnor site.
Thirdly, biotic interactions within the community may also play a role in structuring the
community; we have not taken these into account. Changes in the relative abundance of
families between years may reflect responses to other factors such as predation pressure and
competition for resources e.g. benthic diatoms.
Although this is a high quality dataset with consistent methodology applied at the same site
for 9 years to quantify changes in the cover of plant and mineral habitats and the
macroinvertebrate communities they support, is not sufficient to allow us to identify a range
of taxa that are likely to act as indicators to projected climate change. The only family that
had a strong association with variation in winter flows was the black fly (Simuliidae). This
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relationship was apparently via the increasing coverage of its favoured mesohabitats with
increasing winter discharge.
Longer time series of site matched biological, environmental and hydrological data are
needed to be able to better predict how UK rivers ecosystems will respond to future climate
change. Ideally the biological data should be quantitative and at as fine a taxonomic
resolution as possible. River macroinvertebrate data has been collected as part of the
Environmental Change Network for over 10 years now at 19 sites across the UK (see ECN
website for details; http://www.ecn.ac.uk). This dataset may offer the best hope in the future
of tracking biotic responses to climate change but it has not yet been running for a
sufficiently long period to allow robust analyses. Durance & Ormerod (2007) compiled
macroinvertebrate and associated environmental data for Welsh upland stream sites covering
a 25 year period (1981-2005). They successfully identified a directional climate-change
response by the macroinvertebrate community, but only in those streams unaffected by
acidification and consequently with more diverse assemblages. Despite the considerable
interannual variations in winter discharge, it was the preceeding winter stream temperature
that was best related to variations in overall abundance and community structure. This study
probably represents the strongest evidence, so far, to support the claim that stream
macroinvertebrate communities are sensitive to climate change. However despite this
achievement, the authors acknowledge that there is still considerable uncertainty in the data,
making it difficult to predict the response of the stream community to projected climate
change.
Given these limitations to community-level studies, there is perhaps scope for an alternative
approach that focuses more on population-level responses to climate change. Studies
attempting to document climate change impacts on species in other ecosystems have usually
measured either changes in spatial distribution (e.g. Hill et al. 2002, Parmesan 1996) or shifts
in the timing of certain life cycle events (e.g. Roy & Sparks 2000). There is potential for
similar studies in streams to detect a more distinct directional climate change signal as
mediated through changes to the distribution of temperature-sensitive species or to the timing
of emergence of adults. Recently there have been a number of such studies on freshwater
systems, with the emphasis being on temperature as the factor responsible for the
documented changes. Hassal et al. (2007) and Hickling et al. (2005) have demonstrated that
British Odonata are responding to directional climate change by moving their ranges
northward and by emerging from waterbodies earlier in the year. Bennett (2007) has found
that the mayfly Ephemera danica can complete its life cycle in one year, while previously it
was generally considered to require two years to mature. There is some evidence to suggest
that the shorter life cycle may be due to warmer water temperatures in the summer. Elliott
(1996) has also demonstrated a relationship between timing of emergence of alderflies (Sialis
lutaria L.) and water temperature.
It is well known that water temperature is an important factor governing the development and
fitness of aquatic invertebrates (Elliot, 1991). However there is also clear evidence that
variations in discharge also have a central influence on community structure (Wagner &
Schmidt 2004). The relative importance of changes to temperature and discharge regime will
need to be considered in future climate change studies in streams and rivers.
Because most of the available existing biological data from streams is for
macroinvertebrates, sampled at a community-level, there is an understandable tendency to
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look to these data when attempting to determine whether stream biota has been affected by
recent climate change. However, it may well be that more detailed population data are
required, focused on those species with traits likely to be susceptible to the consequences of
climate change and measuring population parameters other than just abundance e.g. size
distribution, growth rate. Ecological processes in streams such as leaf litter breakdown and
primary production may also be affected by climate change and have received relatively little
attention to date, in this context. Warmer waters may well increase the rate of microbial
breakdown which in turn makes leaf litter more palatible for macroinvertebrate consumers.
In this way climate change could hasten the rate at which the annual leaf-fall input to a
stream is processed.
In conclusion it is apparent that there is a considerable amount of work to be done before we
can confidently predict how streams and the species and communities they support will
respond to a warmer and wetter UK.
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Figure 3.1 River Lambourn catchment, situated in the west of the R. Thames catchment.

25

25

25

1974-1995 Mean Temperature (oC)

2071-2100 mean temperature
(oC)

1974-1995 mean temperature (oC)

20171-2100 Mean Temperature (oC)

20

20

15

15

10

10

5

5

0
1

2

3

4

5

6

7

8

9

10

11

12

0
1

2

3

4

5

6

7

8

9

10

11

12

200

200

1974-1995 Mean Monthly rainfall (mm)

2071-2100 Mean Monthly rainfall (mm)

1974-1995 mean catchment rainfall (mm)

180

2071-2100 mean catchment rainfall (mm)

180

160

160

140

140

120

120

100

100

80

80

60

60

40

40

20

20

0
1

2

3

4

5

6

7

8

9

10

11

12

0
1

2

3

4

5

6

7

8

9

10

11

12

Figure 3.2. Mean annual variation in air temperature and catchment rainfall for the R.
Lambourn during 1974-95 and that predicted for the 2071-2100 period, based on RCAO
HadAM3H model outputs under the B2 scenario. Error bars indicate 1 standard deviation.
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(a)

(b)

Figure 3.3. Annual discharge pattern for the R. Lambourn at Shaw during (a) 1974-1995 and
(b) as predicted for 2071-2100 based on RCAO HadAM3H model outputs under the B2
scenario and an IHACRES catchment-scale rainfall-stream flow model.
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Fig. 3.4 Detrended correspondence analysis biplot of macroinvertebrate taxa and
mesohabitat-specific samples. The insert indicates the contours of taxon richness per sample
through the ‘northeast’ quarter of the ordination space. Macroinvertebrate taxon names are
cropped to their first eight letters for illustrative clarity; see Table 3 for full names.
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Fig. 3.5 Relationship between density of selected macroinvertebrate taxa and the Q75
discharge level for the previous winter period (Dec-Mar). Solid lines indicate the regression
model with the 95% prediction confidence limits indicated by the dashed lines.

29

Table 3.1 A comparison of the distribution of discharge values for the R. Lambourn at Shaw
between the 1974-1995 and projected 2071-2100 periods (based on RCAO HadAM3H model
outputs under the B2 scenario and an IHACRES catchment-scale rainfall-stream flow
model).
1974-1995
%iles
(cumecs)

No of 1974-1995 months
below %ile threshold

% of 2071-2100 months
below 1974-1995 %ile
threshold

2071-2100
%iles (cumecs)

5%ile

0.776

14

6

0.709

25%ile

1.103

65

20

1.193

50%ile

1.474

132

37

1.857

75%ile

2.276

198

39

2.912

95%ile

3.374

250

83

5.173
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Table 3.2. Relationship between early summer mesohabitat cover and previous winter (DecMar) discharge for the R. Lambourn at Bagnor over the period 1971-1979. Spearman rank
correlation coefficients are presented along with their reported P values. Qx values refer to
the discharge threshold that was exceeding on 100-x% of measuring occasions over the
period in question.

Winter (Dec-Mar) discharge
variable (m3s-1)

Berula

Callitriche

Gravel

Ranunculus

Silt

Minimum daily discharge

rs
P

0.075
0.847

-0.444
0.232

-0.042
0.915

0.167
0.667

-0.343
0.366

Q5

rs
P

0.050
0.898

-0.267
0.488

0.033
0.932

0.117
0.765

-0.433
0.244

Q25

rs
P

0.033
0.932

-0.233
0.546

-0.033
0.932

0.133
0.732

-0.367
0.332

Q50

rs
P

0.377
0.318

-0.226
0.559

-0.293
0.444

0.251
0.515

-0.427
0.252

Q75

rs
P

0.650
0.058

-0.017
0.966

-0.583
0.099

0.667
0.050

-0.467
0.205

Q95

rs
P

0.417
0.265

-0.150
0.700

-0.450
0.224

0.617
0.077

-0.333
0.381

Maximum daily discharge

rs
P

0.283
0.460

-0.167
0.668

-0.367
0.332

0.567
0.112

-0.283
0.460
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Table 3.3 Difference in median densities (m-2) of individual macroinvertebrate families,
taxon richness and total density (m-2) in stream mesohabitats.

Total Density
Taxon Richness
Chironomidae
Gammaridae
Baetidae
Elmidae
Ceratopogonidae
Ephemerellidae
Hydracarina
Caenidae
Sphaeriidae
Leptoceridae
Hydroptilidae
Glossiphonidae
Erpobdellidae
Limnephilidae
Ephemeridae
Simuliidae
Glossosomatidae
Empididae
Asellidae
Tipulidae
Piscicolidae
Lumbricidae
Hydrobiidae
Hydropsychidae
Planorbidae
Polycentropodidae
Physidae
Lepidostomatidae
Planariidae
Rhyacophilidae
Goeridae
Dytiscidae
Haliplidae
Ancylidae
Lymnaeidae
Heptagenidae
Sialidae
Valvatidae
Sericostomatidae

KruskalWallis test
H
48.93***
9.74*
37.86***
13.93**
21.90***
27.93***
37.75***
39.52***
29.86***
26.09***
11.62*
17.10**
32.17***
43.52***
34.58***
15.56**
3.96
35.40***
37.18***
16.69**
29.58***
15.88**
15.79**
7.71
5.39
18.53***
14.12**
16.80**
20.70***
17.66***
18.55***
24.04***
41.02***
1.52
3.96
18.03***
3.54
10.64*
14.33**
7.67
9.44

Berula

Callitriche

Gravel

Ranunculus

Silt

1562
36
274
327
35
34
23
39
79
101
24
11
35
9
2
4
5
112
7
5
8
1
2
1
1
3
2
2
7
2
2
1
1
1
2
0
0
0
0
0
1

1538
35
328
202
30
32
27
42
79
81
31
6
42
12
2
5
2
41
2
3
17
0
2
1
0
0
4
1
13
3
2
0
0
1
1
0
1
0
0
1
0

721
34
33
139
22
20
3
3
21
26
9
11
2
1
1
4
3
8
77
1
1
2
1
1
1
1
0
0
0
0
0
1
10
0
0
2
0
1
0
0
0

1435
34
156
237
52
33
15
54
81
56
14
7
25
5
1
4
3
110
13
2
4
1
2
1
2
1
2
2
2
1
2
2
2
1
1
1
0
0
0
0
0

513
31
107
84
11
8
9
2
31
11
27
3
8
1
1
1
2
4
1
1
1
1
1
1
2
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Introduction
CLIME was a three year project funded by the European Union between January 2004 and
December 2006. In CLIME, scientists from ten countries used a combination of historical
analysis and model simulation to quantify the impact of changes in climate on the dynamics
of lakes. The primary objective was to develop models that simulated the responses of lakes
to future as well as past changes in the weather. The models were validated using long-term
data acquired from a number of lakes and perturbed by stochastic representations of the
projected changes in the weather. The secondary objective was to develop new methods for
analyzing the historical patterns of change observed in the different regions. These included
an analysis of the synoptic weather types and the responses of lakes to extreme variations in
the local weather. More than ninety papers have already been published in peer reviewed
journals and a synthesis volume on the project is currently being prepared. Most of the sites
included in CLIME were deep lakes that remained thermally stratified throughout the
summer. Thermally stratified lakes respond in very complex ways to changes in the weather
and are known to integrate the imposed climatic ‘signal’ over a range of different scales
(George, 2006).
In this paper, I describe some of the ways in which thermally stratified lakes respond to both
long-term and short-term changes in the weather using examples drawn from the English
Lake District (54º 22’ N; 2º 56’ W). These lakes have been the subject of intensive study for
more than fifty years (Macan, 1970; Talling, 1999) and provide a unique insight into the
effects associated with local changes in the catchment and regional changes in the weather
(George and Taylor, 1995; George, 2000 and George et al., 2004).
Description of sites and methods
The data analysed here were acquired from two of the most intensively studied lakes in the
Lake District: the North Basin of Windermere and Esthwaite Water. Windermere is the
largest lake in the area and is divided into two basins by a large island and a region of
shallows. It is a relatively unproductive lake and has a surface area of 8.05 km2 and a
maximum depth of 64 m. Esthwaite Water is one of the most productive in the area and has
a surface area of 1.01 km2 and maximum depth of 15 m. The time-series analysed cover the
forty year period between 1960 and 2000 which includes a number of very cool and very
warm summers. In both lakes, the vertical variation in the water temperature was recorded
using sensors with a resolution of ca 0.05 oC. Measurements were taken every week in the
1960s, 70s and 80s and every two weeks in the 1990s. Water samples for chemical and
biological analyses were collected at the same time and supporting meteorological
measurements acquired from an observatory in the nearby village of Ambleside. The only
chemical and biological results presented here are for dissolved reactive phosphorus (DRP),
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nitrate-nitrogen and the abundance of the blue-green alga Aphanizomenon flos aquae. DRP
concentrations were measured using the method suggested by Stephens (1963) and nitrate
concentrations by the procedure described by Davison and Woof (1978). The phytoplankton
counting methods were those documented by Lund et al. (1958).
Results
The relationship between the surface temperature and the stability of the water column
Fig. 4.1a shows the relationship between the average surface temperature of Esthwaite Water
and the estimated variation in the stability of the water column. The averages are calculated
for July and August and the measure of stability is that described by Schmidt (1928). The
results show the extent to which the intensity of thermal stratification influences the year-toyear variations in the surface temperature. These variations are known to be influenced by a
number of physical and biological factors but the most important is the intensity of windinduced mixing. Fig. 4.1b shows the relation between the stability of the water column and
the average wind speeds recorded at a local observatory. Although this station was situated
some 4 km away from the lake are only the fitted linear regression still accounted for more
than 25 % of the observed inter-annual variation.
The relationship between the bottom temperature and the stability of the water column
The geographical location and morphometric characteristics of a stratified lake have a
profound effect on the vertical transfer of heat. In some lakes, the observed variations in the
bottom temperature are closely correlated with those observed at the surface. In others, the
seasonal thermocline acts as an effective barrier to the transfer of heat and the temperature of
the deep water may even be lower in a warm, calm year. In the North Basin of Windermere,
a deep lake that is readily mixed by the wind, there is no significant correlation between the
bottom temperatures and the stability of the water column (Fig. 4.2a). In contrast, the bottom
temperatures of Esthwaite Water, a small sheltered lake, are negatively correlated with the
calculated summer stabilities (Fig. 4.2b) i.e. less heat is transported from the epilimnion into
the hypolimnion when stratification is more intense.
The influence of thermal stratification on the internal recycling of nutrients
Weather-related effects on the supply of nutrients are difficult to detect since the
concentrations reaching the near-surface water are rapidly depleted by the growing
phytoplankton. Significant year-to-year variations can, however, be identified when the raw
time-series are de-trended to highlight the effects associated with the episodic entrainment of
nutrients. Fig. 4.3a and 4.3b shows the extent to which year-to-year variations in the summer
wind speed influenced the internal re-cycling of nitrate-nitrogen and dissolved reactive
phosphorus in Esthwaite Water. The concentrations shown are the residual concentrations
measured in September i.e. after the data have been de-trended to account for the progressive
increase in the trophic status of the lake. The results show that the recorded variations in the
intensity of wind-induced mixing do have a significant effect on the internal recycling of
nutrients with more nitrate and DRP being entrained from the deep water in very windy
summers.
The relationship between the stability of the water column on the development of an algal
bloom
At one time, surface ‘blooms’ of algae, like those produced by buoyant cyanobacteria, were
thought to be an inevitable consequence of cultural eutrophication. More recent studies (e.g.
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George et al., 1990; Reynolds, 1993) have, however, shown that the severity of these blooms
is influenced by the frequency of calm weather. Fig. 4.4 shows the effect that changes in the
stability of the water column had on the growth of the blue-green alga Aphanizomenon in
Esthwaite Water. In this figure, the Aphanizomenon numbers have been de-trended to
compensate for the increase in productivity and the average stability of the water column
estimated using the procedure described by Schmidt (1928). The results show that there is a
very strong correlation between the relative abundance of the Aphanizomenon and the
stability of the lake. ‘Bloom’ conditions were experienced in the late 1950s, when the
nutrient load was relatively low as well in the late 1960s, when they were very much higher.

Discussion
In this paper, I have assembled some examples to demonstrate the effects of year-to-year
changes in the weather on the dynamic responses of two stratified lakes located in the
English Lake District. A paper describing the effect of the projected changes in the climate
on all the large lakes in the area has recently been published (George et al., 2007). More
detailed accounts of some of the physical, chemical and biological impacts outlined here will
also be given in the forthcoming synthesis volume on the CLIME project. The results
summarized here, demonstrate that it is important to assess the combined effects of the air
temperature, the sun and the wind on the seasonal dynamics of stratified lakes. Studies
designed to assess the sensitivity of such lakes to future changes in the climate should,
ideally, include:
• A detailed consideration of the climate change scenarios produced for the selected
region by the climatologists.
• An assessment of the uncertainty associated with a range of different scenarios.
• An analysis of the long-term changes in the weather patterns experienced in the
selected region.
• An analysis of the potential effect of short-term changes in the weather on the
dynamics of the lakes and the supply of nutrients from the surrounding catchments.
• Modelling studies that complement the historical observations available for the
selected sites.
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Fig. 4.1 (A) The relationship between the average summer temperature of Esthwaite Water
and the stability of the water column. (B) The relationship between the average stability of
Esthwaite Water and the average wind speed recorded at Ambleside.
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Fig. 4.2. The relationship between the summer bottom temperature and the stability of the
water column in: (A) The North Basin of Windermere. (B) Esthwaite Water.
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Fig. 4.3 The influence of wind-induced mixing on the residual concentrations of (A) nitratenitrogen and (B) dissolved reactive phosphorus recorded in Esthwaite Water in September.

Fig. 4.4. The influence of year-to-year variations in the stability of the water column (bars)
on the abundance of Aphanizomenon in Esthwaite Water (modified from George et al.,
1990).
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Introduction
Society’s solutions to environmental problems never catch up. It takes time to convince
Government of the reality of a problem. There is then resistance to dealing with it because of
economic considerations. Eutrophication symptoms were described by Giraldus Cambrensis
in the twelfth century, algal blooms were recognized in the nineteenth (Griffiths, 1939) and
the problem diagnosed clearly in the 1940s (Hasler, 1947). Forty years ago, there was a flurry
of experimental activity (Schindler & Fee, 1974) following a flawed suggestion by an
industrial chemist (Kuentzel, 1969) that problematic algal growths were caused by carbon
dioxide, not phosphorus. That work established incontrovertibly the existence of the problem
and the nature of its solution.
At the time the UK officially held the view that eutrophication was only a problem for two
areas, Lough Neagh and the Norfolk Broads, though Collingwood (1977) had collected
together a large number of instances of problems in drinking water reservoirs. A growing
realization that the intensely settled and cultivated landscape of the UK could not
conceivably provide any less of a eutrophication problem than less populated areas of Europe
was reflected in the Water Framework Directive in 2000, following the Urban Waste Water
Treatment and Nitrate Directives in 1991. The importance of diffuse sources of nitrogen and
phosphorus is now recognised in the Catchment Sensitive Farming scheme (DEFRA, 2006),
but only for a selection of catchments, and the UK Technical Advisory Group (2006) has
struggled to determine phosphorus standards and still takes a struthian attitude to nitrogen.
Enter, likewise after decades of increasing scientific evidence, the acceptance that climate is
changing rapidly, that human economic activity is the predominant cause (IPCC, 2007) and
that the implications ramify through every other environmental problem. Approaches to
tackling it vary from the assertions of Stern (2006) that climate change represents the greatest
failure yet of market forces, a problem soluble by investment of significant sums yet still a
minor component of the global economy, on the one hand, to the predictions of Lovelock
(2006) that Earth can only sustainably support about 500 million people compared with the
nine billion anticipated within a few decades. Midway is the compendium of case studies of
Diamond (2005), who found inevitable the collapse of cultures, always for several reasons
but to a large extent because of change in their environment, usually self-caused. In the
meantime, the pragmatic view is that we now have to mitigate an inevitably serious climate
change at a time when we are still far from solving other environmental problems, including
eutrophication, that will inevitably be affected.
Whole ecosystem problems
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Both eutrophication and climate change suffuse the functioning of ecosystems.
Eutrophication involves substances that are recycled through every component of the
ecosystem and interlink every habitat on Earth. Temperature change, likewise, affects every
activity of every organism. Water availability, another consequence of climate change, as
well as defining the limits of the biosphere, provides the medium by which the cycling of
eutrophicating nutrients is carried out. Climate change will involve a rise in temperature of at
least two degrees on present trends, and a redistribution of rainfall towards the winter and
away from the summer in north-west Europe (IPCC, 2007). It will also mean an increased
frequency of extreme weather events. These also are pervasive in the functioning of
ecosystems.
The Water Framework Directive
Currently we are struggling to apply the provisions of the WFD. The key requirement of
restoring our aquatic habitats to ‘good ecological status’ (by 2015) remains downplayed. The
sticking point is that ‘good’ is clearly defined in the Directive as only slightly different from
a state insignificantly affected by human activity, the ‘high ecological status’ of the
Directive. One block to defining good status is a fundamental misunderstanding (Moss,
2007) of what ecological quality means in favour of a set of numerical prescriptions only
appropriate to setting water quality standards. A second is a lack of experience of what
pristine ecological systems really look like in a country where pristineness has been
completely absent for at least 2000 years since the invention of iron tools. Travel is very
broadening to the mind, but government officials do not inhabit remote places.
The difficulties of setting ecological standards are compounded by climate changes that will
undermine a process that appears to have been painful so far and in which only chemical
standards have yet been set (UKTAG, 2006). The more important, (from the tenor of the
Directive), biological standards remain much discussed but little decided. And the shifting
pervasiveness of both eutrophication and climate means that any precision in the prediction
of effects is unlikely. With basic drivers like nutrients and temperature, the number of
possible pathways of consequence, in a labyrinth of connections among organisms, each
opening up more possibilities at each juncture, is enormous. It is not some handful but a
number compounding at each stage to multiple powers of ten. The best that can be done is to
indicate the general tendencies that are likely, based on observation of current systems under
different climate regimes (space-for-time studies), from experimental systems where
temperature and nutrient regime are systematically altered, and from experience of the past.
Approaches
There are severe limitations, however, to the approaches that can be used. Space-for-time
studies assume that, as climate changes, the characteristics of higher latitude systems will
become more like those of lower latitude systems. A false sense of precision is given by
calling this ‘analogue matching’, where predictions of future climate at a given site are
matched to present climate and existing ecosystems at a current site. Quite apart from the
high probability (Fox, 2007) that many predicted future climates do not have close analogues
and the considerable uncertainties in predicting future climates on a local scale anyway, this
approach assumes a response in the movements of organisms that is as rapid as that of the
purely physical variables of the meteorological system.
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Freshwater organisms, however, generally move slowly and many freshwater invertebrates,
for example, are still in the process of expanding ranges that were restricted by the glaciation
until 13000 years ago (Reynoldson, 1966). Some flying insects may be unable to move more
than a short distance each year into new territory, though others appear to have little
difficulty. Fish are effectively confined to particular river basins and only where these extend
towards the Poles, there is room for colonization. Seas mean insuperable barriers to all but
anadromous salmonids and catadromous eels, Islands like the UK may become arks of
extinction for cool-adapted species as climate changes.
A further uncertainty is that a variety of species may be deliberately introduced, either legally
or illegally. Problems caused by exotic species are now rife, as transportation networks have
expanded on the back of world trade. Because biodiversity increases southwards in the
northern hemisphere, again a feature of the historic baggage of glaciation, introductions tend
to be of species better adapted to warmer climes. Often chosen by anglers, aquarists and
garden suppliers for characteristics of rapid growth, these may well expand their ranges
relatively rapidly.
Beyond these issues, it is not possible in any case to predict the detailed composition of
ecological communities with any precision, even under steady conditions. A characteristic
biodiversity appears to be essential for ecological function but the species list can be drawn
from a wide array. Beyond perhaps some characteristic dominants (oak trees in oakwoods,
for example) numerous alternative states are normal in natural systems once any detail is
introduced. Experimental studies are no more reliable. Although experimental conditions can
be closely specified in experimental tanks and variables determined to high precision, there
are systematic problems. Different starting conditions, determined by weather, for example,
can influence subsequent trajectories; chance introduction of a species in different replicates
of particular treatments can lead to high variance; and inherent variability in population,
particularly of keystone species like fish, can greatly influence results as their effects cascade
through the food webs. Experimental studies remain the most powerful and reliable way of
investigating phenomena of change and as studies accumulate, meta-analyses can eliminate
the local variation and pull out the common features, but it will be a long time, if ever, that
sufficient experiments will have been done at the appropriate ecosystem scale. Currently four
such experiments have been (Liboriussen et al. 2005; McKee et al. 2002.2003)) or are being
done, all by participants in the EU Euro-limpacs programme. The need is for hundreds, but
each experiment is time-consuming, and expensive in cash and energy.

The third approach, a post-hoc analysis of sediment cores, or of data collected over several
decades in which climate has changed, is complementary to the others and palaeolimnology
the only way of determining events that occurred before formal records were kept. What is
preserved in sediment cores, or what it was chosen to record in monitoring programmes,
however, are highly selective. Despite a range of sub-fossils present in sediments, together
with a formidable array of analytical and statistical techniques for comparing these with
training sets of contemporary communities, the uncertainties are still great. Apart from
terrestrial pollen studies, there is an almost complete lack of experimental studies on
differential preservation or selectivity in delivery of sub-fossils to the sediment under
changing conditions in any group. To some extent this can be overcome by analogue
matching of fossil assemblages with current communities reflected in the material preserved
in contemporary sediment, but this essentially correlative approach gives little clue to
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causation and may simply match systematic biases in relating the fossil assemblage to the
remains laid down by the contemporary ecosystem.
Moreover, the climate regimes, in which the past communities grew, can be determined only
very generally and then by a circular process dependent on knowledge of the ecology of the
same species growing at present. There is no guarantee that the living equivalents behave
exactly as their forebears and indeed evolutionary studies are showing rapid adaptation,
particularly in small organisms (van Dorslaer et al. 2007), and even in some fish (Taylor,
1991), to change. Whilst we may trumpet the need for evidence-based approaches in
predicting the future and whilst the scientific community welcomes this, the facts have to be
faced that there will be neither time nor resources available to gather nearly enough evidence
for any certainty, were such certainty even conceptually possible. Our guesses will probably
soon be as good as they ever will be.
The likely effects of climate change and eutrophication on shallow lakes
What then are our current guesses? Studies on shallow lake systems, ranging from Uruguay
and Spain to Greenland, are showing a pattern (Gyllstrom et al. 2005; Jeppesen et al. 2001;
Meerhof et al. 2007; Moss et al., 2004). This pattern has, as its baseline, the current paradigm
of how shallow lakes in the north-temperate region function (Moss et al. 1996). In their
undisturbed state they have clear water and dominance by submerged and floating–leaved
plants. They depend on external loading of nutrients but in summer there is severe depletion
of nitrogen as phosphorus is released from the sediments. Clear water is maintained the
provision of refuges by the plant community for grazing zooplankters and macroinvertebrates
from their fish predators, chemical manipulation and allelopathy.
This clear-water system is stable unless disturbed by mechanisms that switch it to a turbid
condition by destroying the plants or the grazers. The plant community changes with nutrient
loading from charophytes to pondweeds to lily-dominated communities but clear water can
persist in spite of increased nutrient loading, though the threshold for change is lowered as
nutrients increase. Such a system has been described from the UK, Denmark, the
Netherlands, Germany and southern Scandinavia. Southwards the system is influenced by a
change in fish community.
Warm-water lakes tend to have retained a higher fish diversity since they were not glaciated.
The community has high biomass for it has a long reproductive season and high fecundity
(Scasso et al. 2001). In some regions (primarily the Americas) predatory shrimps may also be
important as predators. The fish (and shrimp) communities contain many omnivores and
predation on zooplankton and periphyton grazers is intense. This tends to switch the lake
more readily towards algal dominance and Cyanobacteria, with their generally high
temperature optima, may become very common. In the absence of a substantial grazer
community, nutrient loading gains a greater importance in determining details of the system
(Moss et al., 2004) and ratios like that of chlorophyll to total P increase as ratios of
zooplankton to fish biomass decrease (Gyllstrom et al., 2005, E.Jeppesen pers.com.).
Towards the Arctic, shallow lake systems tend to be more stably clear-water-dominated,
though macrophyte biomass may be low because of the short growing season and macroalgae
on the bottom may be the main producers (Jeppesen et al. 2001). Fish predation on the
zooplankton is low because of a limited fauna, often only arctic charr (Salvelinus alpinus), a
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short growing season and low survival of young in the extreme conditions of low temperature
and low diversity of macroinvertebrate food. A simple expectation for mainland European
lakes might thus be that as temperatures increase in the future a shift in these regimes
northwards might occur, even with slow colonization by new species. The arctic system will
be squeezed northwards, possibly to extinction, and more algal- dominated systems might
come to characterize central Europe. For southern Europe, the rise in temperature and
decrease in summer rainfall will have devastating effects on lakes that already have
tendencies to drying out and salinisation. Many shallow lakes and wetlands will cease to
exist and become desolate saline playas.
For the UK, predictions are more difficult for there are many fewer fish species, including
those tolerant of warm conditions and the English Channel is a severe barrier to new
invasion. We might expect life to become more difficult for brown trout (Salmo trutta) and
salmon (Salmo salar) in the lowlands as water warms and oxygen concentrations fall. As
temperatures rise, cyprinids should increase their production of surviving young, giving
greater predation pressure on zooplankton, and reduced grazing on algae. If anything,
phytoplankton crops should increase and the symptoms of eutrophication worsen. Common
carp (Cyprinus carpio), already long-introduced to the UK, but nonetheless still an alien
species, is highly thermotolerant but hitherto has reproduced only poorly in the wild. A rise
in temperature will increase its fecundity and deaths of other species may tempt angling clubs
to move carp to more and more waters where they will form self-maintaining populations.
Because carp are highly damaging fish (Crivelli, 1983) that stir up bottom sediments,
mobilize phosphorus and disrupt plant communities physically, there will be an increased
threat to overall biodiversity of shallow lakes.
Studies on experimental mesocosms support this scenario. Experiments have shown
increased release of phosphorus from sediments (McKee et al., 2003) and changes in animal
communities as temperature increases. There have been short-term increases in plant biomass
and an extension of plant growing season and a tendency for exotics like Lagarosiphon
major to take over the communities (McKee et al., 2002). At a 3 °C rise above ambient
temperature in 1999-2001, fish-kills (of sticklebacks, Gasterosteus aculeatus) were few but a
4°C rise in 2006 meant extensive fish kills as even ambient temperatures soared to 27°C (H.
Feuchtmayr, D. Atkinson, I. Harvey, R.J. Moran, B.Moss, personal comm.) At 27°C, male
stickleback care behaviour is impaired and many fewer young are raised even if the fish
survive deoxygenation in the warm water (K.Hopkins, A.B.Gill and B. Moss, Pers. Comm.)
With fish deaths, zooplankton populations may increase for a time but filamentous algae or
lemnids often take over and shade out submerged plant communities. The fish usually used
in experiments are sticklebacks but carp are more thermally tolerant and higher temperatures
will not be lethal for them. An increase in carp dominance seems very likely in shallow lakes.
Restrictions on carp stocking and movement, indeed carp reduction programmes, are likely to
be needed to ensure continuation of reasonable biodiversity, unless conditions become so
severe that any fish community is welcome rather than none at all.
Prognosis
The prognosis for shallow lake systems in the face of warming is poor. In the short to
medium terms there will be at least a severe deterioration of lowland freshwaters. In the
longer term, there could be improvements but these will depend on a very rigorous
application of the spirit of the Water Framework Directive and substantially greater
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international attempts to limit absolutely our carbon emissions. In turn this seems unlikely
without major revisions to economic philosophies and a rejection of growth economies. More
likely, and possibly more certain than the ecological predictions we are able to make, will be
a desperate, and ultimately failing, attempt to maintain the current economic system of the
west through protectionism, military action and repeal of environmental legislation. It may be
that we will be condemned to a hot and concrete landscape dominated by water hyacinths,
prickly pears, common carp, gulls, foxes, rats and rabbits. That is avoidable, but problems
that are fundamental require solutions that are profound. There can be no business as usual if
any sort of equability is to persist.
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Introduction
Upland landscapes, and the rivers and lakes that drain them, have been greatly affected by
human activity. Deforestation, the eradication of larger predators and the spread of domestic
livestock have altered the landscape over millenia. In the last two centuries, upland
management has expanded and intensified through increased livestock stocking densities,
liming, land drainage, heathland burning (to support grouse shooting) and afforestation with
exotic conifer species. Simultaneously, upland ecosystems have been exposed to elevated
levels of long-range air pollutants, including sulphur (S) compounds emitted during fossil
fuel burning, and nitrogen (N) compounds originating from fossil fuel burning and
agriculture. Deposition of these compounds as ‘acid rain’ has led to the widespread
acidification of soils and waters in many upland areas, and to eutrophication of naturally Nlimited terrestrial and aquatic ecosystems. While efforts are now being made to limit the
impact of land-management on many upland ecosystems and international agreements such
as the Gothenburg Protocol have greatly reduced rates of S (and to a lesser extent N)
deposition, there is increasing concern that anthropogenic climate change may either reduce
the degree of ecosystem recovery following the alleviation of these other pressures, or at
worst cause further ecosystem degradation. Here, we review a number of the potential
impacts of climate change on upland water quality, and attempt to set these in the wider
context of other anthropogenic pressures. The paper is structured around four elements of the
biogeochemical cycle in upland ecosystems, namely acidity, sulphur, nitrogen, and finally
dissolved organic carbon (DOC), the major determinant of water colour.
Projected climate changes in the UK uplands
Projections made for the UK Climate Impacts Programme (UKCIP, Hulme et al., 2002)
suggest that by 2100 UK temperatures will have increased by 1 to 5 °C. Warming is expected
to be greater in the southeast than in the northwest. An average UK increase of 0.4 to 0.9 °C
has been recorded since 1914, leading to a 30-day increase in thermal growing season since
1900. Summer precipitation is projected to decrease by 50% by 2100, whereas winter
precipitation is expected to increase by 30% over the same period, but with less falling as
snow. There is evidence that this trend towards greater seasonality in precipitation has
already begun, with a greater proportion of rainfall having occurred during more intense
winter events over the last 30 years relative to the preceding 240 years (Hulme et al., 2002).
The trend towards wetter winters is most pronounced in northern and western Britain (where
most of the upland area is located), and this appears to be reflected in an increasing incidence
of high river flows in these areas (Cannell et al., 1999; Werritty, 2002).
To an extent, increasing winter ‘storminess’ can be associated with a shift towards more
positive values of the North Atlantic Oscillation (NAO) Index, a large scale measure of
climate which strongly influences UK climate. Positive values are associated with wetter,
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windier and milder winter conditions, and negative values with colder and dryer winters.
Positive values of the NAO Index are also associated with increased deposition of marine
salts onto coastal catchments, due to entrainment of marine aerosols into the atmosphere
from breaking waves during periods of sustained high winds (Evans et al., 2001). The NAO
Index itself is also expected to increase significantly over the next century, becoming almost
continuously positive by 2100 (Hulme et al., 2002).
Based on current projections, some key predictions for climate change which have the
potential to impact on upland water quality may be identified as:
i)
ii)
iii)
iv)
v)
vi)

Higher temperatures
Increased incidence and severity of summer drought
Wetter conditions during winter
Increased frequency and magnitude of winter high flows
Reduced snowpack development
Increased occurrence of winter sea-salt deposition events

These predicted changes form the basis of the assessment undertaken in the following
sections.
Surface water acidity and climate
Anthropogenic acidification has had a detrimental impact on the chemistry and biology of
upland lakes and streams in the UK and elsewhere. The main driver of acidification to date
has been S deposition, which peaked in the 1960s and 70s, but has since declined
dramatically (by 50% since 1986 alone) in response to a succession of emissions control
protocols agreed under the framework of the UNECE Convention on Long-Range
Transboundary Air Pollution. The 22 lakes and streams comprising the UK Acid Waters
Monitoring Network, which has been in operation since 1988, now show clear chemical
recovery from acidification in response to the decline in acid deposition (Davies et al., 2005),
although biological recovery remains harder to detect (Monteith et al., 2005). During the
monitoring period, however, substantial inter-year variability in water chemistry was found
to be linked to climatic fluctuations. These included fluctuations in sea-salt deposition, with
higher loadings associated with a peak in the NAO Index having caused short-term
acidification in the early 1990s (Evans et al., 2001). Nitrate and sulphate concentrations were
also found to be strongly influenced by climatic factors, which are discussed below. The
stability of invertebrate communities in acid-sensitive streams has also been found to be
sensitive to variations in the NAO Index (Bradley and Ormerod, 2001). The potential for
climate change to impact on recovery from acidification has been widely noted (e.g.
Skjelkvåle et al., 2003; Wright et al., 2005).
On a shorter-term event basis, climate and acidification are linked during ‘acid episodes.’
These are transient periods of elevated acidity that primarily affect streams (e.g. Fig 6.1)
(Wright, 2007) and, to a lesser degree, smaller lakes. Acidic episodes are crucially important
in terms of stream biota, as it is the severity of chemical extremes, rather than average
conditions, which typically determines biological damage such as fish kills (e.g. Baker et al.,
1990; Hindar et al., 1994) and loss of invertebrate species (e.g. Kowalik and Ormerod, 2006).
Episodes can be caused by a variety of different drivers, including high rainfall events,
snowmelt, sea-salt deposition events, sulphate flushes after droughts, and nitrate flushes after
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freezing events (e.g. Davies et al., 1992; Evans et al., 2007; Wright, 2007). A consistent
feature of all these drivers, however, is that they are associated with some form of climatic
extreme. Although these climatic events can be considered natural, their impact on stream
acidity is invariably exacerbated by pre-existing acidification of the system. With climatic
extremes such as summer drought and winter rainfall predicted to become more pronounced
in future, some impact on episodic acidity appears likely.
A number of studies have attempted to predict the impact of climate change on recovery
from acidification. Wright et al. (2006) used the MAGIC (Model of Acidification of
Groundwater in Catchments) model to examine the sensitivity of future mean acidity to a
range of projected climatic changes at 14 sites in Europe and North America. Sensitivity was
highly variable both among different drivers and between sites, with climatic effects on
organic acid leaching and N retention identified as those requiring the greatest focus. A
modelling study at the Afon Gwy monitoring catchment at Plynlimon, Wales (Evans, 2005)
also suggested that increased organic acid leaching could have a major impact on soil and
river acidity. In the same study, simulated increases in sea-salt deposition were predicted to
have a limited impact on mean stream acidity, although the expected increase in the
frequency and severity of sea-salt deposition events could be of greater importance on an
episodic timescale. At the same site, an attempt to predict the severity of future high-flow
driven acid episodes (Evans et al., 2007) suggests that these are declining in severity as S
deposition is reduced (Fig 6.2 ). Increases in the magnitude of high flow events appear
unlikely to counteract more than a small proportion of this improvement: it is therefore
expected that high flow-driven episodes may become more common during winter in
response to climate change, but not necessarily more severe. Snowmelt events, which are a
major cause of acid episodes in areas subject to large annual snowpack accumulations (e.g.
Laudon et al., 2004) are less important in most of the UK, where snow accumulations are
smaller and shorter-lived. Projected decreases in winter snowfall will further reduce the
influence of snowmelt on runoff chemistry.
Sulphur and climate
The majority of UK upland catchments are characterised by mineral and organo-mineral
soils, developed since the last glaciation. These soils have little capacity to store incoming S
either through sulphate adsorption or sulphate reduction. As a consequence, sulphate export
from mineral soil-dominated catchments is typically equal to or (if geological S sources are
present in soils or bedrock) greater than the deposition input (Fig 6.3a). With little short-term
S storage in the catchment, the major control on surface water sulphate export is thus the S
input, and this in turn is primarily controlled by S emissions. Climatic influences are
therefore likely to be restricted to controls on the location and timing of S deposition;
previous studies have shown increased S deposition in (predominantly western) upland
catchments during periods of easterly airflow, and reduced deposition in periods of westerly
airflow. A greater prevalence of westerly conditions during winter, associated with the
projected increase in the North Atlantic Oscillation, might therefore be expected to lead to a
slight reduction in the S loading to acid-sensitive western catchments.
In wetland areas, such as the blanket peats that cover large areas of the British uplands,
anaerobic conditions in water-saturated soils permit much greater S storage, via reduction to
organic S compounds and inorganic sulphides. Sulphate export in surface waters may
therefore be significantly lower than the deposition input (Fig 6.3b). Long-term burial of
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reduced S in accumulating peat can represent a substantial buffer against the anthropogenic
acidification of peats, as illustrated by peat soil solution data from the Moor House
Environmental Change Network research site in the North Pennines (Fig 6.4), at which nonmarine sulphate concentrations in soil solution in a typical year are close to zero. However,
the storage of reduced S in peatlands is highly dependent on the maintenance of watersaturated, anaerobic conditions. Sever droughts, such as those observed during 1995 and
2003 at Moor House, lower the peat water table, allowing oxygen to enter the soil and reoxidise reduced S compounds to sulphate (Adamson et al., 2001). This can generate extreme
levels of acidity which, if flushed from the soil, can cause major acid episodes in runoff,
together with mobilisation of toxic metals (Tipping et al., 2003). Although a long-term
assessment of sulphate-driven acid episodes at Birkenes indicates that episode severity has
decreased since the 1970s as the rate of S input has declined (Wright, 2007), a modelling
study for an Ontario wetland catchment by Aherne et al., (2006) suggested that repeated
drought events, even at current levels of drought frequency, would be sufficient to severely
retard recovery from acidification. Repeated droughts, together with reduced S deposition,
will lead to the gradual depletion of peat S stores (Tipping et al., 2003), but in more polluted
regions this process may take many decades. Peat catchments containing large stores of
anthropogenic S must therefore be considered highly sensitive to a projected increase in the
frequency and severity of summer droughts, which could lead to the destabilisation of these
stores and consequently to an increased incidence of biologically damaging post-drought
stream acidification events.
Nitrogen and climate
UK semi-natural terrestrial ecosystems are predominantly N limited, and any additional N
from deposition tends to be taken up by the biota, and strongly retained within the soil. As a
result, nitrate export to surface waters is typically much lower than N deposition (Fig 6.3).
However, ‘N saturation’ theory suggests that sustained supply of N in excess of biological
demand will ultimately lead to elevated nitrate leaching to surface waters, with associated
(and potentially severe) acidification and eutrophication impacts. Plot and catchment-scale
experimental catchment N addition studies (e.g. Moldan et al., 2005) confirm that N
saturation can occur, and although temporal trends are difficult to detect over the timescale of
available monitoring data, levels of surface water nitrate are clearly elevated in regions of
high N deposition (e.g. Curtis et al., 2005).
N in terrestrial ecosystems is tightly cycled. Any climatic event which disrupts biological
cycling is likely to result in nitrate leaching. In the UK this has been most clearly observed
following soil freezing events, which typically occur when the winter NAO Index is negative
(Monteith et al., 2000; Davies et al., 2005). Such events are likely to become less frequent
under future climate change. However, nitrate flushes also occur after droughts (e.g.
Adamson et al., 1998), and these events may increase in frequency. Extreme rain events may
also transport nitrate directly to surface waters, where water bypasses biological sinks within
the soil, e.g. as overland flow. Again, these events may be more common in future. Of
greatest overall concern, however, is the long-term stability of the soil organic matter pool, as
this contains most of the N accumulated over more than a century of elevated deposition. The
Norwegian CLIMEX study, in which a small catchment was exposed to elevated
temperatures and CO2, showed a marked increase in N mineralisation from the soil, leading
to elevated nitrate leaching and effectively turning the catchment from an N sink to an N
source (Wright & Jenkins, 2001; Figure 6.5). Such a response to climate warming across the
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UK uplands would clearly have grave consequences for the acidification and eutrophication
of upland waters.
Dissolved organic carbon (DOC), water colour and climate
DOC represents a large part of the carbon export of many upland catchments and is the major
source of water colour. It is a significant component of the upland carbon balance,
contributes significant costs to water treatment and impacts on aquatic ecosystems by altering
light regime, nutrient transport, acidity, and metal transport and toxicity. Since the late 1980s,
surface water DOC concentrations have approximately doubled across a large proportion of
the UK (Freeman et al., 2001; Worrall et al., 2004a; Evans, 2005). The reasons for these
increases have not been fully resolved, but there is growing evidence that a significant, and
perhaps primary, driver has been the reduction in S deposition and subsequent recovery from
acidification, which has increased the solubility of organic matter (Evans et al., 2006). As an
integral part of the upland carbon cycle, however, there is little question that climate-related
factors also impact on DOC export. Rising temperatures, by increasing organic matter
decomposition rates, may lead to increased DOC production (e.g. Freeman et al., 2001;
Evans et al., 2006). However, field evidence for a warming contribution to DOC increases is
inconclusive, and laboratory data suggest that observed warming of around 0.6 oC since the
late 1980s can only account for a small part of the observed rise in DOC. Elevated
atmospheric CO2 itself has also been shown to increase DOC by accelerating plant
production (Freeman et al., 2004), although again this probably accounts for a relatively
small proportion of the DOC increase to date. Finally, hydrological changes may impact on
the magnitude and/or timing of DOC release. DOC peaks often occur during high flows, as
more runoff water is routed through shallow organic soil horizons. Larger or more frequent
high flows might therefore increase DOC release, although this effect is likely to be greatest
for summer high flows, whereas more frequent high flows in winter (as predicted in climate
forecasts) may be expected to have less impact, since DOC concentrations are generally low
at this time. Droughts appear to have a strong effect on DOC release, generally decreasing
DOC concentrations during the drought period itself, with increases observed thereafter
(Hughes et al., 1997; Clark et al., 2005; Fig 6.6). These drought-rewetting cycles have been
identified in some long-term DOC and water colour records, with a step-change in DOC
observed after the droughts of 1976 and 1995 interpreted as possible drivers of long term
increases (Watts et al., 2001; Worrall et al.,2004b). Overall, it is possible that climatic
changes have contributed to the DOC increases observed to date, and probable that they will
contribute to further DOC changes in the future. However it must be emphasised that other
factors (S deposition, land management and possibly N deposition) are believed to have had
as much, or more, influence on DOC trends during the last 30 years, and cannot be ignored
in predicting future changes.
Conclusions
There is little doubt that climate change will have significant effects on water quality in
upland lakes and streams. These effects are complex and are very unlikely to be uniformly
detrimental, or indeed uniformly beneficial, to aquatic chemical and biological status.
Furthermore, climatic effects on water quality must not be considered in isolation from the
other natural and anthropogenic drivers of change in upland systems, including the effects of
atmospheric pollutants, and local factors linked to land management. Perhaps most
importantly, it must be recognised that many UK upland waters are currently undergoing
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rapid change as they recover from the effects of many decades of acid deposition; current
chemical status cannot therefore be considered a natural baseline from which to assess the
future impacts of climate change. In addition, upland systems remain at long-term risk from
the effects of continuing elevated N deposition, and in some cases from land-management
practices that may not be compatible with long-term ecosystem sustainability.
To a large extent, future sensitivity of surface waters to detrimental climate change impacts
may occur due to interactions with other anthropogenic pressures. Perhaps most importantly,
increases in temperature and in climatic extremes such as droughts, may reduce the capacity
of upland catchments to store, and thereby mitigate, the detrimental impacts of pollutants
including nitrogen, sulphur, and also heavy metals and organic pollutants. Climate changeinduced release of pollutant stores accumulated over a century or more could have severe
implications for the acidity, toxicity and nutrient status of upland waters. The relative
contribution of climate change and acid deposition to increases in DOC and water colour
remains unresolved; since DOC increase due to climate change may be considered as
ecosystem degradation, and DOC increase due to recovery from acidification as ecosystem
recovery, it is clearly essential that this question is resolved in order to appropriately manage
and adapt to continuing change. Finally, this study has focused primarily on the effects of
climate change on water quality, but there is also evidence that climate change may impact
directly on aquatic biota; recent work by Durance and Ormerod (2007) indicates that rising
water temperatures, in the absence of a change in water quality, could cause a loss of
invertebrate species diversity. Again, however, the direct effects of warming in that study
appear to be influenced by interactions with other drivers, with the greatest warming-induced
species losses occurring in streams not already degraded by acidification.
Overall, it is clear that effective management and protection of our upland waters requires a
holistic approach, in which the potential impacts of climate change are addressed in
conjunction with, and based on an adequate understanding of, the other anthopogenic
pressures to which these ecosystems have been, and continue to be, subjected.
References
Adamson JK, Scott WA, Rowland AP, Beard GR (2001). Ionic concentrations in a blanket peat bog in northern
England and correlations with deposition and climate variables. Eur. J. Soil Sci. 52, 69-79.
Adamson JK, Scott WA, Rowland AP (1998). The dynamics of dissolved nitrogen in a blanket peat dominated
catchment. Environ. Pollut., 99, 69-77.
Aherne J, Larssen T, Cosby BJ, Dillon PJ (2006) Climate variability and forecasting surface water recovery
from acidification: Modelling drought-induced sulphate release from wetlands. Sci. Total Environ., 365, 186
-199.
Baker JP, Bernard DP, Christensen SW, Sale ML (1990). Biological effects of changes in surface water acid
base chemistry. National Acid Precipitation Assessment Program, State of Science and Technology Report 9,
Washington, D.C.,
Bradley DC, Ormerod SJ (2001). Community persistence among stream invertebrates tracks the North Atlantic
Oscillation. J. Animal Ecol., 70, 987-996
Cannell, MGR, Palutikof, JP, Sparks, TH (Eds) (1999). Indicators of climate change in the UK. Report to
DETR, Centre for Ecology and Hydrology, Edinburgh.
Clark JM, Chapman PJ, Adamson JK, Lane SN (2005). Influence of drought induced acidification on the

51

mobility of dissolved organic carbon in peat soils. Global Change Biol. , 11, 791-809.
Curtis CJ, Evans CD, Helliwell RC, Monteith DT (2005). Nitrate leaching as a confounding factor in chemical
recovery from acidification in UK upland waters. Environ. Pollut., 137, 73-82.
Davies JJL, Jenkins A, Monteith DT, Evans CD, Cooper DM (2005). Trends in surface water chemistry of
acidified UK freshwaters, 1988-2002. Environ. Pollut., 137, 27-39.
Davies TD, Tranter M, Wigington PJ, Eshleman, KN (1992). ‘Acidic episodes’ in surface waters in Europe. J.
Hydrol., 132, 25-69.
Durance I, Ormerod SJ (2007). Climate change effects on upland stream macroinvertebrates over a 25-year
period. Global Change Biol., 13, 942-957.
Evans CD, Reynolds B, Hinton C et al. (2007). Effects of decreasing acid deposition and climate change on
acid extremes in an upland stream. Hydrol Earth Syst. Sci., in press.
Evans CD, Chapman PJ, Clark JM, Monteith DT, Cresser MS (2006). Alternative explanations for rising
dissolved organic carbon export from organic soils. Global Change Biol., 12, 2044-2053.
Evans CD, Monteith DT, Cooper DM (2005). Long-term increases in surface water dissolved organic carbon:
Observations, possible causes and environmental impacts. Environmental Pollution, 137, 55-71.
Evans CD, (2005). Modelling the effects of climate change on an acidic upland stream. Biogeochemistry, 74,
21-46.
Evans CD, Monteith DT, Harriman R (2001) Long-term variability in the deposition of marine ions at west
coast sites in the UK Acid Waters Monitoring Network: Impacts on surface water chemistry and significance
for trend determination. Science of the Total Environment, 265, 115-129.
Freeman C, Evans CD, Monteith DT, Reynolds B, Fenner N (2001). Export of organic carbon from peat soils.
Nature, 412, 785.
Freeman C, Fenner N, Ostle NJ et al. (2004) Export of dissolved organic carbon from peatlands under elevated
carbon dioxide levels. Nature, 430, 195-198.
Hindar A, Henriksen A, Torseth K, Semb A (1994). Acid water and fish death. Nature, 372, 327-328.
Hughes S, Reynolds B, Hudson J, Freeman C (1997). Effects of summer drought on peat soil solution chemistry
in an acid gully mire. Hydrol. Earth Syst. Sci., 1, 661-669.
Hulme M, Jenkins GJ, Lu X et al. (2002) Climate Change Scenarios for the United Kingdom: The UKCIP02
Scientific Report. Tyndall Centre for Climate Change Research, School of Environmental Sciences, University
of East Anglia, Norwich, UK
Kowalik RA, Ormerod SJ (2006). Intensive sampling and transplantation experiments reveal continued effects
of episodic acidification on sensitive stream invertebrates. Freshwat. Biol., 51, 180-191.
Laudon H, Westling O, Bergquist A, Bishop K (2004). Episodic acidification in northern Sweden: a regional
assessment of the anthropogenic component. J. Hydrol., 297, 162-173.
Moldan F, Kjønaas OJ, Stuanes AO, Wright RF (2005). Increased nitrogen in runoff and soil following 13 years
of experimentally increased nitrogen deposition to a coniferous-forested catchment at Gårdsjön, Sweden.
Environ. Pollut., 144, 610-620.
Monteith DT, Hildrew AG, Flower RJ et al., (2005). Biological responses to the chemical recovery of acidified
fresh waters in the UK. Environ. Pollut., 137, 83-101.
Monteith DT, Evans CD, Reynolds B (2000). Are temporal variations in the nitrate content of UK upland

52

freshwaters linked to the North Atlantic Oscillation? Hydrol. Proc., 14, 1745-1749.
Skjelkvåle BL, Evans CD, Larssen T, Hindar A, Raddum GG (2003) Recovery from acidification in European
surface waters: a view to the future. Ambio, 32, 170-175.
Tipping E, Smith EJ, Lawlor AJ, Hughes S, Stevens PA (2003). Predicting the release of metals from
ombrotrophic peat due to drought-induced acidification. Environ. Pollut., 123, 239-253.
Watts CD, Naden PS, Machell J, Banks J (2001). Long term variation in water colour from Yorkshire
catchments. Sci. Total Environ., 278, 57-72.
Werritty A. (2002). Living with uncertainty: climate change, river flows and water resource management in
Scotland. Sci. Total Environ., 294, 29-40.
Worrall, F, Harriman, R, Evans CD et al. (2004a) Trends in dissolved organic carbon in UK rivers and lakes.
Biogeochemistry, 70, 369-402.
Worrall F, Burt B, Adamson A (2004b) Can climate change explain increases in DOC flux from upland peat
catchments? Sci. Total Environ, 326, 95–112.
Wright RF (2007). The decreasing importance of acidification episodes with recovery from acidification: an
analysis of the 30-year record from Birkenes, Norway. Hydrol. Earth Syst. Sci., in press.
Wright RF, Jenkins A (2001). Climate change as a confounding factor in reversibility of acidification: RAIN
and CLIMEX projects. Hydrol. Earth Syst. Sci., 5, 477-486.
Wright RF, Aherne J, Bishop K, et al. (2006). Modelling the effect of climate change on recovery of acidified
freshwaters: relative sensitivity of individual processes in the MAGIC model. Sci. Total Environ., 365, 154-166.
Wright RF, Larssen T, Camarero L et al. (2005). Recovery of acidified European surface waters. Environ. Sci.
Technol., 39, 64A-72A.

53

6

pH

5.5

5

4.5

4
Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Figure 6.1. Examples of acidic episodes affecting stream chemistry at Birkenes, Norway
(Wright, 2007).
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Gwy catchment (after Evans et al., 2007)

54

a) Afon Gwy (mainly mineral soils)

b) Afon Conwy (mainly peats)
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Figure 6.3. Deposition input and stream output fluxes of inorganic sulphur and nitrogen at
two contrasting Welsh catchments
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Figure 6.4. Sulphate concentrations in peat soil solution at Moor House, Northern England.
Near-zero concentrations during most of the record result from sulphate reduction in the peat,
peaks result from re-oxidation of this sulphur during droughts. Data were provided by the
Environmental Change Network.
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Introduction
The Euro-limpacs Project is a closely integrated study of the potential impacts of climate
change on aquatic systems across Europe, including rivers, lakes, wetlands and catchments.
Figure 7.1 shows the structure of the work packages. The modelling work package, WP6, lies
at the centre of the project linking the science programmes with the application or end user
work packages. Thus information on the key science findings and processes can be utilised in
the models and applied in Euro-limpacs to assess the long term impacts of climate change.
A key question addressed by the project is ‘how can the models developed be applied at the
catchment scale’. The application of models to describe the catchment mass balance and the
dynamic behaviour of hydrology has a long history. Similarly, there is a wealth of experience
of modelling hydrochemistry and water quality in catchments. Thus, there is already
considerable confidence that model development and application for Eurolimpacs is feasible,
although there is much more uncertainty with regard to the ecological components of aquatic
systems. A important feature of the Euro-limpacs project has been to make use of dynamic
models that can be linked or chained together, as shown in Figure 7.2.
The Swedish Model HBV, for example, is particularly good at simulating snow conditions
and water flows in the event of snowmelt and this is important for modelling Scandinavian,
Canadian and upland UK catchments. The MAGIC model (Cosby et al, 1985) is used for
simulating acidification processes in catchments and can use the hydrological information
from the HBV model to simulate the effects of hydrological and chemical change on
acidification processes in streams and lakes. The INCA (INtegrated CAtchment) model
(Whitehead et al, 1998; Wade et al , 2002) can take the HBV model outputs and generate
nutrient outputs from catchments and feed these into the Norwegian Fiord Model to assess
impacts of climate change and nutrient enrichment on fiord systems. Thus the model
chaining approach can be use to transfer fluxes of flow and chemicals through catchment
systems to assess downstream impacts. Within the Euro-limpacs project the INCA suite of
models have been further developed and expanded. An explanation of these models and their
application to within a climate change context is provided here.
The INCA Model: Model Rationale and Background to Development
The INCA Model is the result of several NERC, Environment Agency and EU funded
projects over several years and is a dynamic computer model that predicts water quantity and
quality in rivers and catchments (Figure 7.3). The primary aim of INCA is to represent the
complex interactions and connections operating in catchments and to also address the scaling
up issue. The philosophy of the INCA model is to provide a process-based representation of
the factors and processes controlling flow and water quality dynamics in both the land and
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in-stream components of river catchments, whilst minimising data requirements and model
structural complexity (Whitehead et al., 1998a, b). As such, the INCA model produces daily
estimates of discharge, and stream water quality concentrations and fluxes, at discrete points
along a river’s main channel (Fig 7.4). Also, the model is semi-distributed, so that spatial
variations in land use and management can be taken into account, although the hydrological
connectivity of different land use patches is not modelled in the same manner as a fullydistributed approach. Rather, the hydrological and nutrient fluxes from different land use
classes and sub-catchment boundaries are modelled simultaneously and information fed
sequentially into a multi-reach river model, as shown in Figure 8.4.
The INCA model was originally tested on 10 catchments in the UK and 21 catchments across
Europe. This has been considerable extended in the current Euro-limpacs project The major
applications of INCA have been published to date in two special volumes of International
Journals, namely, Hydrology and Earth System Sciences, 2002, 6, (3) and Science of the
Total Environment, 2006, 365, (1-3).
The INCA models have been designed to investigate the fate and distribution of water and
pollutants in the aquatic and terrestrial environment. The original version of INCA has been
extended over the course of Euro-limpacs to create new versions for nitrogen (N), phosporus
(P), Sediments, Ecology, mercury (Hg) and a range of other metals. The models simulate
flow pathways and tracks fluxes of pollutants in terrestrial and aquatic ecosystems. INCA has
been designed to be easy to use and fast, with excellent output graphics. The model system
allows the user to specify the semi-distributed nature of a river basin or catchment, to alter
reach lengths, rate coefficients, land use, velocity-flow relationships and to vary input
pollutant deposition loads.
Predicting impacts of climate change using inca : some adaptation strategies
In a study of the likely future impacts of climate change on hydrology and water quality in
the River Kennet, we have shown that summer flow rates in the river are likely to fall in
future periods as drought become more frequent and extreme. Extending the modelling to
simulate nitrate- nitrogen it is shown that the droughts will trigger a release of nitrate from
the soils and this nitrate will inevitably end up in the river (see Fig 7.5). The model suggests
that nitrate – nitrogen concentrations will increase to levels close to the EU drinking water
limits of 11.3 mg/l. Falling flow rates and rising nitrate levels could affect water supply and
will also jeopardise plans to improve the water quality and ecology of such a sensitive chalk
stream as the Kennet. A series of adaptation strategies have been modelled to assess whether
it is possible to mitigate the effects of climatic change. For example, reducing agricultural
fertiliser use by 50% in the catchment has the biggest improvement (dotted line below),
lowering nitrate concentrations to levels not seen since the 1950s. Reducing atmospheric
sources of nitrate and ammonia by 50% does reduce the nitrate by about 1 mg/l compared
with the climate effects (see grey line) but has a much smaller effect. Constructing water
meadows along the river would be more beneficial, significantly slowing down the rising
levels of nitrate (see dashed/dotted line). However, a practical proposition might be a
combination of all three approaches to reduce fertiliser use by 25%, reduce deposition by
25% and to construct some wetland areas along the river system. This generates significant
reductions in nitrate in the river (see black line).
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Another application of INCA, for Carbon (INCA-C), is illustrated in Figure 7.6. Here INCAC has been set up for a lake system for a range of differing climate scenarios. The warm/wet
climate change run generates approximately 30% more DOC compared to the current climate
conditions (Fig 7.6). This could create major problems for water companies as DOC reacts
with chlorination techniques at water treatment plants to create carcinogens in water supplies.
Thus DOC needs to be removed prior to treatment but this is costly. Hence climate change
could have some expensive impacts on water supplies unless alternative land management in
the uplands can be utilised to reduce the trends in increasing DOC levels.
Conclusions
The modelling package in Euro-limpacs is creating a new set of tools for assessing the
impacts of climate change. Such impacts could be profound and it is necessary to generate
predictions of changes now so that reasonable assessments can be made at an early stage.
This advanced warning will enable governments and local agencies to address the key
problems and seek solutions and management options to mitigate such impacts.
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Figure 7.1 The Euro-limpacs Work Package Structure

Figure 7.2 The Model Chaining Concept
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Figure 7.3 Catchment Linkages, Connectivity and Scaling issues
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Figure 7.4 The integration of the landscape delivery and in-stream components of INCA. At
level 1 the catchment is decomposed into sub-catchments. At level 2, the sub-catchments are
sub-divided into 6 different land use types. At level 3, the soil chemical transformations and
stores are simulated using the cell model. The diagram shows the link between the landphase delivery and in-stream components at level 1: the diffuse inputs from the land-phase
are added to the effluent point-source inputs and routed downstream.
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Figure 7.5. Simulating the effects of climate change from1960-2100 on Nitrate-Nitrogen
concentrations in the River Kennet together with a set of Adaptation Strategies
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Figure 7.6 Impacts of Climate Change on DOC fluxes in upland lakes and rivers.
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Introduction
The integration of emerging knowledge from the natural and social sciences into decision
making for better water management presents challenges for the research community, water
and catchment managers and policy makers. These challenges are all the more urgent
because of the need for society to adapt to the predicted effects of climate change.
One of the important challenges for scientists is to make research outputs relevant to decision
making by taking into account the policy drivers under which water and catchment managers
currently operate, in particular the Water Framework Directive, and place them into the
context of climate change. Scientific outputs need to be presented to decision makers in a
form that is easily integrated into the decision making process. The challenges posed by
climate change, for instance, need to be presented to managers in terms of the types and scale
of issues that will have to be dealt with in the future. Notwithstanding the role of researchers
in developing a deeper understanding of how natural, social and economic systems operate
and interact, scientific outputs need to be presented in a way that is relevant and targeted to
specific operational needs of both managers and policy makers. Scientists also need to
recognise that ecosystem management objectives must take societal priorities into account
and scientific research needs to be placed in this context.
In turn, policy makers have a responsibility to develop evidence based policies and should
work with scientists to ensure that current scientific understanding is integrated into policy.
Policy coherence across sectors is also important. Policy makers are aware increasingly that
the current fragmented and complex policy framework for ecosystem management needs a
new, more coherent approach, based on the concepts of the ecosystem approach and of
ecosystems services (Laffoley et al., 2004; Maltby, 2006; DEFRA, 2006). These concepts
provide a framework for conceptualising and managing ecosystems that respects both
ecological limits and the value that society derives from ecosystems.
Achieving this integration between science and decision-making requires tools to be
developed and applied that integrate the current scientific understanding with methods for
assessing strategies and management decisions. Within the Euro-limpacs project a Decision
Support System (DSS) is being developed that aims to bridge this gap between science and
decision making to achieve integrated catchment management, with particular emphasis on
the potential future impacts of climate change. It also aims to provide a mechanism by which
the range of services provided by ecosystems can be evaluated in a holistic assessment,
within the overall framework of the ecosystem approach.
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According to interviews and workshops carried out with potential end-users of a DSS within
the Euro-limpacs project it was found most important to:
•
•
•
•

Give answers to the question: how much of which measure is necessary to achieve a
goal?
use the right terminology according to the WFD and other legal regulations,
use existing methods, data, databases and GIS-systems and
to indicate uncertainties of results.

The issue of catchment management under a changing climate is a very broad one that cuts
across many different potential impacts. This necessitates an approach that does not
concentrate on detailed modelling of a single or small number of environmental variables but
one that transcends the environmental, social and economic dimensions of climate change. It
should, however, allow the integration of detailed modelling or monitoring data into the
assessment framework. The DSS, therefore, provides a framework for the integration of data
from disparate sources, and which relate to a wide range of issues, into a single holistic and
GIS-based analysis of catchment management in the context of climate change.
The resulting framework is intended to address specific and targeted management questions
such as:
• Will climate change affect some parts of a catchment more than others?
• What measures should be taken to mitigate the effects of climate change?
• Which part of a catchment should resources be targeted towards?
• Which measures most effectively tackle the defined problem?
Here, we describe the purpose and structure of the Euro-limpacs DSS and outline a prototype
application to the Tamar catchment in South West England. The DSS is still under
development and what is described here is a work in progress.
The Euro-limpacs DSS approach
The Euro-limpacs project is assessing the effects of climate change on freshwater ecosystems
by examining the interaction between climate and different types of environmental stressors,
including the direct impact of climate change, and interactions with ecology,
hydromorphology, nutrients, acidification and toxic substances. The DSS provides a
framework for integrating the outputs from across the Euro-limpacs project and presenting
them to end users in a manner that allows decisions to be made regarding the management of
freshwaters under climate change with greater confidence.
As the DSS is intended for application right across Europe, the expert knowledge and
scientific results from the project that have a generic applicability are embedded within the
DSS software, in the form models, databases or documents. However, many of the outputs
from the project are detailed scientific studies that are being carried out at a site or catchment
scale and cannot often be generalised or extrapolated beyond the specific conditions of the
study. This makes them unsuitable for being embedded within a DSS that is intended to be
generic. However, these results are important outputs from the project and the DSS
framework therefore allows for the integration of site specific data into applications of the
DSS.
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The DSS is being tested at seven catchments across Europe that form a core, common set of
catchments for the Euro-limpacs project. These seven case-studies will, firstly, act as
demonstrations of how the DSS can be applied to different types of issues and management
problems and, secondly, integrate the site specific data being generated by the Euro-limpacs
project in these catchments within the application of the DSS. The case studies include the
Tamar catchment (UK) which is being developed as the path finder case study and is used
here to illustrate a potential application of the DSS. In the context of the application at the
Euro-limpacs case study sites, much of the site-specific data will come from the project itself
but in the application of the DSS by external users once it is completed and distributed, it is
anticipated that these additional site-specific data will come from the users themselves and
will reflect the particular issues of concern in the user’s catchment and the availability of data
from studies and models specific to that catchment.
The DSS is implemented as an extension of the ArcGIS software, which facilitates the
integration of the DSS framework with existing GIS information available to water
managers. The geographical area under consideration is divided into spatial units for
comparison. Spatial units can be individual water bodies (in the sense used in the Water
Framework Directive), water body types (rivers, lakes wetlands) or other spatially delineated
areas, such as sub-catchments, depending on the particular problem being addressed. These
spatial units are represented in the DSS as shapes or linear features within a GIS layer.
Structure
Problem definition
Prior to application of the DSS software the particular problem to be addressed needs to be
conceptually structured according to the DSS framework. Figure 8.1 shows conceptually how
the DSS is structured. The initial problem structuring can be broken down into a number of
discrete stages, the first of which is the definition of the issue to be addressed. This is defined
initially in broad terms such as “eutrophication from diffuse agricultural pollution”,
“acidification from atmospheric deposition” or “flooding of agricultural land”. These issues
are defined so that they can be addressed by a specific set of coherent management actions
designed to ameliorate the problem or influence the drivers of the issue. Combinations of
related issues could also be considered where their management responses overlapped or
formed a coherent set of actions. For example, the objectives of a programme of wetland
restoration may be to address conservation of biodiversity, water quality and flood
management issues.
Within the Tamar catchment, diffuse nitrate pollution from agriculture is an important
management challenge and after stakeholder consultation this was selected as the issue to be
addressed in the pathfinder application of the DSS. As it is primarily a landuse issue the DSS
is applied to sub-catchment areas. It should be noted that it is not a requirement that all the
data used in the Tamar example are available to apply the DSS to diffuse pollution in other
catchments; conversely, other data and information may be available in other catchments that
have not been used in this example and these could easily be integrated into the analysis.
Application to other types of problems will require different sets of data.
Selection of decision criteria
The particular strength of the approach taken with the Euro-limpacs DSS is that it can
evaluate different management strategies or catchment/water body states by integrating a
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wide range of different variables that are environmentally, socially and economically
relevant. This recognises the fact that there are complex linkages between management
actions and ecological systems as well as their interactions with society and economics that
cannot be captured by evaluating the response to management actions in single
environmental variables. There is, for instance, often a trade-off between the effectiveness of
management actions and their costs. Measures to address particular problems in one
ecosystem type may also have consequences, either positive or negative, for other
ecosystems and these interactions and possible trade-offs need to be considered in the
decision making. However, considering a wide range of variables that cut across the
environmental, social and economic dimensions of sustainability in an integrated way is a
complex management task that needs a structured approach which is as objective as possible.
This is provided within the DSS using Multi Criteria Analysis (MCA).
As part of the conceptual structuring of the issue being addressed within the DSS, these
multiple effects of management actions are captured in the choice of decision criteria.
Decision criteria are those criteria by which different scenarios are compared, that is the basis
by which one scenario or outcome of management can be judged in comparison to another.
These are defined in terms of measurable environmental, social and economic variables that
reflect the impact of a driver of change. Within the DSS the chosen decision criteria are
categorised according to whether they relate to ecological status, chemical status, economic
condition or social condition.
As an illustration, the decision criteria that will be used within the finalised Tamar case study
are:
• nitrate concentration at the outlet of each of the major sub-catchments of the Tamar
o yearly average (mg/l)
o summer average (April to September – low flow, ecologically sensitive period)
(mg/l)
o winter average (October to March – higher flows) (mg/l)
o C95, C50 and C10 concentration percentiles (mg/l)
• biodiversity indicators:
o areas of designated land (ha)
o area of set-aside land (ha)
o area of wetlands (ha)
• hydrological parameters:
o mean flow (m³/s)
o high flow (Q5, m³/s)
o low flow (Q95, m³/s)
• costs of implementing the management measures (£)
• perceived stakeholder benefits for non-use environmental values (£, estimated using a
choice experiment)
Definition of scenarios
The final preparatory stage of implementing the DSS is the definition of scenarios. This
requires a number of scenarios to be defined that reflect the potential range of climate
conditions and management options in the future. For the Tamar, 13 scenarios are being
included in the analysis covering the current situation and different combinations of climate
scenarios and management measures for two time horizons, 2050 and 2085. The climate
scenarios used are the A2 and B2 IPCC scenarios. Three sets of management measures are
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represented in the scenarios. The first, Business as Usual (BAU) assumes a continuation of
current practice and no active management intervention for environmental management. The
Deep Green (DG) scenario represents a situation where strong action is taken to address the
problem of diffuse pollution and the Policy Targets (PT) scenarios represent a middleground. These scenarios are defined in terms of how the drivers of the problem being
addressed within the DSS change from scenario to scenario in response to climate change
and management measures.
For the Tamar case study the key drivers of diffuse pollution from agriculture are the land
use, the stocking density and the fertiliser application rates. Table 8.1 outlines the
quantitative differences between these drivers for the scenarios used in the analysis. For the
current situation the data relating to these drivers were obtained from published sources
(DEFRA 2005, 2006). For future climate scenarios, land use data were derived from the
Climate and Land use Allocation Model (CLUAM), which was applied to the Tamar by
Jones and Tranter (2006). As one of its outputs, the CLUAM model provides estimate of the
land use distribution for a range of agricultural land use categories, stocking density and
fertiliser application rates. These data were used as the basis for the Business as Usual
scenarios. These Business as Usual scenario data were then modified by assuming different
degrees of application of the predefined management measures to establish the land use
distribution, fertiliser application rates and stocking density for the future scenarios under
climate change (see Table 8.2).
The land use, stocking density, fertiliser application rate and climate variables for each
scenario then act as inputs to the INCA-N model (Whitehead et al. 1998 a, b) to derive the
values for the nitrate-related and hydrological decision criteria for each scenarios.
The costs of implementing the management measures are estimated using the gross margin
figures for different landuse types (e.g. gross margin per hectare of wheat or per head of
dairy cow), which were calculated for the Business as Usual scenarios using the CLUAM
model. It is assumed that the management measure costs under the business as usual
scenarios are zero as they reflect the unconstrained condition where income to landowners is
maximised and no action is taken to reduce diffuse pollution. The measures put in place
under the policy targets and deep green scenarios to address diffuse pollution assume an
incentivised shift from arable to pasture and a reduction in stocking density on the pasture.
The costs of implementing these measures are then estimated as the reduction in cumulative
gross margin across the catchment as a result of the change from the business as usual
scenario to the policy targets and deep green scenario. It is not assumed that these costs are
borne by the landowners but that the incentives to promote the changes assumed under the
scenarios would have to be approximately equal to the reduction in cumulative gross margin
across the catchment. Error! Reference source not found. Figure 8.2 presents a summary of
the procedure for deriving the input data to the DSS.
In the particular application described here for the Tamar catchment all of the decision
criteria for each of the scenarios are quantified externally to the DSS software and inputted at
the MCA stage for analysis. The DSS structure, however, allows for simple quantification
tools to be embedded with the DSS software when available. These tools could be in the
form of models, databases or documents that aid the user in quantifying the decision criteria.
An Export Coefficient Model (ECM, see Johnes, 1996; 1999; 2000) has been embedded
within the DSS and has been used in the DSS proto-typing. The ECM has been included in
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the DSS as it provides a computationally straightforward method for assessing the effects of
landuse change on nurtrient loads to freshwaters and the method is widely applicable across
Europe. However, the results from the INCA-N model will supersede these ECM results in
the final application. A sensitivity analysis of the final outcome of the DSS to the modelling
approach used for nitrate (ECM and INCA-N) will be carried out.
Multi-criteria analysis
The objective of applying the DSS is to quantify the specified decision criteria for all
scenarios and spatial units and carry out MCA on these data. The results of the MCA then
demonstrate the relative state of each of the spatial units under each of the scenarios.
Once the decision criteria have been quantified for each scenario, as described above and
illustrated for the Tamar case study, each decision criterion is assigned a standardised score
between 0 and 1 according to a user defined relationship. These relationships can be defined
in one of three ways in the DSS:
1. A linear relationship between the value of the decision criterion and the score.
This relationship is either positive or negative depending on the characteristics
of the criterion. For instance there would be a positive relationship between
financial benefits and the score as higher benefits indicate a better outcome but a
negative relationship between nitrate concentration and the score as a higher
value of nitrate indicates a worse outcome. The lowest (0) and highest (1) scores
can be assigned to the minimum and maximum values of the decision criterion
across all scenarios or, alternatively, the lowest and highest values can be
assigned from policy documents, legislation or from expert judgement of
ecological threshold values.
2. Exponential relationships using one or two fixed points
3. User defined curves defined by a series of given points. This option could, for
instance, be used to assign sigmoid curves, bell shaped curves of step functions
that represent more complex relationships between the value of decision criteria
and environmental, social or economic state.
Each of the decision criteria are also assigned weights. These weights are set by the user, or
are defined by stakeholders, and reflect the importance of the particular decision criteria to
the overall comparison of scenarios. For instance, the costs of implementing the measures
may be the overriding consideration and this decision criterion would be given a higher
weighting than other criteria. The weight setting provides an opportunity to elicit the views
of stakeholders in a structured way in order to inform the decision making process. Different
stakeholder groups may have different priorities and these can be determined by stakeholder
engagement exercises. and used in separate analyses. By comparing the DSS outputs using
different sets of weights it can be determined if the preferred management strategy is
sensitive to the views of different groups. For the Tamar application equal weightings were
given to each criterion.
The MCA analysis calculates total scores for each of the decision criteria categories
(ecological status, chemical status, economic condition or social condition) or an overall
score as weighted averages of the scores for each decision criterion using the assigned
weights. These scores, therefore, represent the status of the spatial unit being considered,
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integrating the issues considered important by the user and taking into account the relative
importance of the issues. A high score indicates high status or good condition and a low
score indicates low status or poor condition. The scores, then, provide a basis for semiobjective comparison of spatial units, scenarios or management measures and evaluation of
which provides the most desirable conditions.
Graphical outputs
The results of the MCA are presented graphically, overlaid on the GIS layer. An interface is
provided for the user to select the results for display on the map. For instance, the decision
criteria scores for a single climate change scenario can be compared by management
measure, thus showing the impact of different management measures within a particular
climate change scenario. Alternatively, the scores for a particular decision criterion or overall
score can be compared across climate scenarios, which demonstrates the likely impact of
climate change on a particular decision criterion or the overall status of the spatial unit being
considered.
Figure 8.4 and Figure 8.5 show two examples of the graphical outputs from the DSS. A data
view window can also be opened for viewing the results of the analysis numerically. While
the actual results from this application of the DSS are preliminary, Figure 8.4 and Figure 8.4
do show the potential relevance of the DSS to decision making. For instance, Figure 8.4
shows the results for the current status of the catchment with the scores for individual
decision criteria within each sub-catchment. This demonstrates how the DSS can be used to
determine how the relative contribution of different decision criteria to the overall score vary
spatially over the catchment and, therefore, could be used to determine which measures
should be prioritised in different parts of the catchment. Figure 8.5, which shows the total
scores for 2050 for all climate and management scenarios, shows how the implementation of
different management scenarios affects the status of different sub-catchments under climate
change. This gives an indication of the degree to which management measures would have to
be implemented to offset the impacts of climate change and which parts of the catchment
should be targeted to deliver the most effective change. The figure shows, for instance, that
the sub-catchments in the upper part of the catchment would respond more strongly to the
proposed management measures than those in the lower part of the catchment, suggesting
that it would be more cost effective to implement these measures in the upper catchment.
Conclusions
The Euro-limpacs DSS is still under development and a number of key modifications remain
to be implemented. Firstly, a vulnerability analysis will be added to the interface to aid the
selection of decision criteria. This will be based on a database being collated as an output
from the Euro-limpacs project that will contain information on the issues to which certain
ecosystem types are vulnerable under climate change and suitable indicators for monitoring
those ecosystems. The vulnerability analysis within the DSS will allow users to enter
information about the ecosystem types present in their assessment area and the DSS will
indicate the vulnerability of those ecosystems to climate change and suggest the indicators
which should be used to monitor the ecosystems. These indicators can then be used as
decision criteria within the DSS.
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In order to make the DSS more directly relevant to the application of the Water Framework
Directive, an additional type of analysis is to be added to the DSS. This will allow the
categorisation of the decision criteria (equivalent to parameters in WFD terminology) values
in to bad, poor, moderate, good, and high status, in accordance with the WFD categories. The
categorisation of the higher levels in the decision criteria tree (equivalent to element level in
WFD terminology) will then be carried out according to the WFD Common Implementation
Strategy guidance (EC, 2005).
Notwithstanding these improvements to the system, the proto-type application of the DSS to
the Tamar catchment has demonstrated the functionality of this approach and the contribution
it can make to strategic planning in catchment management. Its flexibility and potential for
integrating modelled and empirical data from across the environmental social and economic
dimensions of sustainability are key attributes of the DSS. By providing a mechanism for
integrating data from disparate sources, it acts as a complementary tool to detailed, process
driven models that, because of their complexity and data requirements, can only focus on a
single or small number of variables. In doing so it allows the outputs from models and
empirical studies to be used in a holistic analysis of catchment management issues that takes
into account the complex interactions between climate change and management actions and
their effects on the environment, society and the economy.
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Figure 8.1 Conceptual structure of the DSS
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Figure 8.2 Summary of procedure to calculate decision criteria data for Tamar scenarios

Figure 8.3 Selection of the type of relationship between decision criteria and standardised value
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Figure 8.4 Results for one climate scenario / management option combination (Current
status) showing the scores for individual decision criteria within each sub-catchment

Figure 8. 5 Results for 2050 scenarios for A2 and B2 climate scenarios and management
measures (Business as usual, Policy targets and Deep green) showing the total scores for
each scenario in each sub-catchment
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Scenario number

Year

Climate

Management measures

1

Current

Current

Business as usual

2

2050

A2 IPCC scenario

Business as usual

3

Policy targets

4

Deep green

5

B2 IPCC scenario

Business as usual

6

Policy targets

7

Deep green

8

2085

A2 IPCC scenario

Business as usual

9

Policy targets

10

Deep green

11

B2 IPCC scenario

Business as usual

12

Policy targets

13

Deep green

Table 8.1 Summary of scenarios assessed in Tamar application the Euro-limpacs DSS
Data sources & assumptions for scenarios
Driver
Current
Business as
Policy targets
Deep green for
usual for A2
scenario
for A2 and B2 A2 and B2
and B2
scenarios
Data from UK
Landuse change 20% reduction
50% reduction
Reduction in fertiliser Nitrate
survey of
predicted by
on CLUAM
on CLUAM
application
applications
fertiliser practice CLUAM model prediction
prediction
for different
landuse types
Calculated from Stock density
15% reduction
60% of
Reduction in stocking Stock numbers
DEFRA survey predicted by
on CLUAM
CLUAM
density
data
CLUAM model prediction
prediction
Nitrate
Current landuse Landuse change 50% reduction in 80% reduction
Shift back from
application /
distribution to be and stock density arable area
in arable area
arable to pasture
calculated from predicted by
as predicted by
predicted by
stock numbers
DEFRA survey CLUAM model CLUAM –
CLUAM –
grassland
grassland
data
increased by the increased by the
difference
difference
Denitrification
Current area of 50% loss on
100% increase
4x increase on
Restoration of
wetlands from
current levels
on current levels current area
wetlands
SWIMMER data
from Evaluwet
project
Habitat provision GIS data from
No change on
50% increase, or 100% increase,
Designated areas
1% of catchment or 2% of
Natural England current
area, whichever catchment area,
whichever is the
is the larger
larger
Measure

Table 8. 2 Data sources for the definition of scenarios
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Introduction
Climate change and the societal response to the challenges that it will bring, is widely
recognised as a major threat to biodiversity (e.g. King, 2005). Climate change is rapidly
emerging as one of the most significant issues facing nature conservation and ranks alongside
habitat loss and degradation and invasive non-native species as a factor likely to drive species
extinction in the near future. It is now clear that we are irrevocably committed to some
degree of global climate change and there are signs that climate change is already affecting
species and habitats of nature conservation concern.
Predicting the likely impact of future climate change is confounded both by the complexities
of the earth’s climate system and also by the variety of feedbacks (environmental and socioeconomic) that might be expected to arise in the face of dramatic changes in temperature and
precipitation patterns. There are further problems in downscaling predictions for a global
climate system to a (sub-)regional scale at which impacts are likely to be realised and interact
with ecosystem processes and environmental management decisions. The UKCIP scenarios
outline a range of possible climate change impacts for the UK under different CO2 emission
levels. The most recent UKCIP scenarios (Hulme et al., 2002) predict average temperature
increases of 2 to 3.5°C by the 2080s with substantial geographic variation (south-east
England could be 5°C warmer) and reductions in precipitation of up to 15% and snowfall by
30-90%. The frequency and magnitude of extreme weather events is also expected to
increase.
Translating these future climate scenarios into meaningful predictions of how ecosystems are
likely to respond requires a further modelling step and challenges our current understanding
of how individual organisms and whole ecosystems respond to driving environmental
variables. Freshwater ecosystems are particularly difficult to understand and model due to the
apparent overriding importance of abiotic variables and wide sphere of influence which
extends beyond the boundaries of the wetted perimeter into the whole catchment. This paper
considers the ways in which climate change is likely to affect freshwater ecosystems and how
freshwater management approaches might be expected to accommodate such impacts to
minimise biodiversity loss. The scope is restricted to open water systems (rivers, lakes and
smaller standing waters such as ponds and ditches) but it is important to note that the impacts
of climate change are likely to be significant for terrestrialised wetlands such as fens and to
date these impacts have received little attention.
Climate Change Impacts on Freshwater Biodiversity
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Freshwaters are potentially amongst the most vulnerable of all ecosystems to climate change
because many are already close to the limits of capacity. A significant proportion of rivers
and lakes in the UK are suffering from the effects of nutrient enrichment (see for example,
Carvalho and Moss, 1995) and in many areas of England water supplies are stretched beyond
the means of sustainable water management (e.g. south-east England has less available water
per capita than Spain). In spite of this freshwater ecosystems have received relatively little
attention from those engaged in modelling climate change impacts upon biodiversity (cf.
Walmsley et al., 2007)
Two factors are significant in determining the likely impact of future climate change on
freshwaters as distinct from terrestrial ecosystems: (a) the wider spectrum of driving
variables (temperature, precipitation/evaporation and resulting hydrological regimes); and (b)
the range of modelling approaches available given (a). As a result, generating accurate
predictions about the future direction of change in freshwater ecosystems is difficult. Specific
examples of some potential impacts upon freshwater ecosystems and components are
described elsewhere in these proceedings.
Clearly freshwater ecosystems and species will be influenced by direct impacts such as
changes to precipitation and temperature. For example, changes in the amount and
distribution of precipitation may result in small water bodies drying out more frequently.
This is likely to be exacerbated by increased evapo-transpiration as a result of higher
temperatures. However, it is the synergistic effects arising from complex linkages between
hydrology, temperature and ecological patterns and process that are most likely to have the
greatest impact upon biodiversity, particularly when combined with existing pressures such
as nutrient enrichment, abstraction, habitat simplification, invasive species etc. For example,
whilst it is clear that temperature changes may directly affect the distribution of some
freshwater species, such as salmon and trout, it is the interaction between temperature and
available habitat (driven in part by hydrology) that may be most important. Changing
hydrological regimes may result in extended periods of low flow which will exacerbate
increases in temperature and reduce the wetted perimeter and available habitat for species in
flowing waters.
The scope of work attempting to understand the potential impacts of climate change on
freshwater ecosystems is limited, with most work being undertaken in small experimental
set-ups or with statistical models where there are sufficient data to generate meaningful
relationships between ecology and driving variables that can be manipulated in line with
climate change scenario predictions. Consequently, there is a dearth of information, although
the work that has been undertaken does provide a useful indication of the direction and
magnitude of certain changes and highlights those areas worth further research. Mesocosm
studies have suggested that nutrient loads and the presence of predatory fish are more
important drivers of shallow lake function than warming (Mckee et al., 2002a; Mckee et al.,
2002b; Moss et al., 2003). However, these mesocosms could not simulate the interactive
effects of changing hydrology which may be a key driver in such lakes. However,
interestingly they did indicate that an exotic plant species Lagarosiphon major, which is
already widely distributed in the UK, was favoured by warmer conditions (McKee et al.,
2002a).
Any changes to hydrological regimes are likely to affect flowing water systems most
dramatically and it is the shallow low order streams that are likely to be more severely
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impacted. Lower discharges and velocities combined with existing channel modifications are
likely to significantly reduce the available habitat. There may be some geomorphological
adjustment to new flow regimes but this is only likely where there is sufficient stream power
to drive such change. Channel modifications such as straightening, deepening or widening
will limit the extent to which biological communities and ecological processes can adapt to
altered flow regimes and many UK rivers have numerous barriers preventing downstream
flow and sediment flux as well as upstream migration of freshwater species. Studies of
macroinvertebrate communities in upland Welsh streams over a 25 year period have
demonstrated the susceptibility of these communities to climate change (Durance and
Ormerod, 2007) and headwaters are thought to be among the most vulnerable of all habitats.
With small channel sizes, steep gradients and small contributing watersheds, headwaters
have a greater propensity to be affected by drought, low flows and extreme run-off events.
The manner in which our catchments have been managed and modified further amplifies the
sensitivity of freshwater biodiversity to climate change; channelisation and loss of floodplain
habitats has progressively forced many wetland species downstream. The modern analogues
of these species rich floodplain habitats are the artificial drainage ditches of grazing marshes
at the coast. Many of these grazing marsh systems have high species richness and are the last
refugia for many aquatic plant and invertebrate species. Accordingly many are internationally
important conservation sites. Sea level rise and the management response to this threat
inevitably means that many of these sites will be lost.
In conclusion it is apparant that the potential implications of climate change for freshwater
biodiversity are not clear largely to due to the range of complex interactions that determine
the relationship between physico-chemical parameters and ecology even under prevailing
conditions. The evidence that does exist suggests that it is the interaction of climate change
with other pressures that is likely to be of greatest significance. It is also apparent that our
ability to predict the future, even with moderate confidence, is limited by our understanding
of the drivers of system behaviour, the role of natural variability and ‘unseen’ ecosystem
processes and feedbacks.
Adaptation Principles
In response to the challenge of environmental management under a changing climate
‘adaptation strategies’ are proposed as a mechanism for ensuring that natural systems are
able to absorb and respond to change (Hopkins et al., 2007). Adaptation strategies should
have three broad aims: (a) increase the flexibility in management of vulnerable ecosystems;
(b) enhance inherent adaptability of species and ecosystem processes within vulnerable
ecosystems; and (c) reduce trends in pressures that increase vulnerability (Hulme, 2005).
Adaptation is now widely recognised as a necessary element of future nature conservation
effort and natural resource management in the UK but to date, proposed adaptation principles
have been distinctly terrestrial in focus. The potential impacts of climate change on
freshwater ecosystems are more difficult to understand and predict and hence integrating
‘adaptation’ into the conservation of freshwaters may prove difficult. Whilst certain
principles are equally applicable to freshwater as to terrestrial habitats, there is a clear need to
develop further freshwater focused approaches. For example, one aspect of adaptive
management for terrestrial habitats or species may be to increase ecological connectivity or
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‘porosity’ within landscapes. Although this may be important for some mobile freshwater
species, inter-catchment movements may be relatively rare for other freshwater taxa.
In particular it will be necessary to take account of the complex ways in which climate
change may affect freshwater ecosystems both through direct and indirect or secondary
(hydrological and hydro-chemical) impacts. The wide socio-economic dimension of
freshwater systems (e.g. water supply, waste water treatment, navigation, recreation,
aquaculture) further confounds predictions of future conditions, particularly as social and
economic systems will also be impacted by and respond to, climate change. Climate change
is likely to impact on freshwaters through gradual changes to average conditions and through
changes to the frequency and magnitude of extreme events (floods, droughts) (Conlan et al.,
2005). Thus, management must focus on developing the capacity to respond to these
changes.
The following principles are suggested as a suite of preliminary adaptation principles for
development by the water sector and in particular those involved in freshwater conservation.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Safeguard baseline biodiversity
Enhance resilience of freshwater ecosystems
Reduce pressures not linked to climate change
Enhance resilience at the landscape scale
Increase connectivity of freshwater landscape
Monitoring and analysis
Adaptive management
Integrate with mitigation/adaptation for other sectors
Communication

Safeguard baseline biodiversity
Current debate around the potential impacts of climate change on biodiversity frequently
questions the role of protected sites in a landscape that must allow migration of species to
new climate space. This argument is pertinent but possibly the result of a terrestrial bias in
nature conservation thinking where many of the affects of climate change upon species are
direct. It could be argued that the protected sites network must continue to be the foundation
for building resilience at the UK level. Statutory designated sites have a number of attributes
that may aid their adaptation to climate change: high biodiversity or intrinsic value; lower
levels of on-site pressures; action underway to reduce off-site pressures; legislative
frameworks in place and frequently, a management framework in place. Furthermore, the
concept of protected sites is enshrined in legislative and policy structures and also within
societal consciousness, as such there is generally a willingness to invest in high quality sites
which does not extent to the wider environment.
However, in the freshwater arena off-site or catchment scale pressures (e.g. diffuse pollution)
which are difficult to address through current legislation have continued to affect condition
of protected sites. The catchments of such sites provide the ideal focus for piloting novel (no
risk) management schemes using protected status as a driver for investment. The scope of
climate change impacts may be considerable and hence resources may be limited; it is
appropriate that these are targeted at the sites with highest biodiversity value.
Enhance resilience of ecosystems
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Resilience is defined as the capacity of an ecosystem to tolerate disturbance without
collapsing into a different state controlled by a different set of processes, or the amount of
disturbance that the system can absorb without experiencing a change in structure and
composition (sensu Holling 1973; Carpenter et al., 2001). There are examples of such
‘regime shifts’ in freshwater habitats, for example switches between clear water, plant
dominated states and algal dominated, turbid states in shallow lake ecosystems. There is
some evidence that systems with relatively low levels of anthropogenic disturbance (and
hence high conservation value) may have greater resilience. Conversely, ecosystems affected
by high nutrient loads or introduced species may behave in unpredictable ways in the face of
rising temperatures and changed hydrological regimes. However, much of this evidence is
anecdotal and there is a need to better understand how high levels of functional (if not
taxonomic) diversity, intact nutrient cycles and energy flows might confer greater stability
and resilience upon freshwater ecosystems.
Current understanding of the behaviour or freshwater systems in the face of a range of
pressures does demonstrate responses between pressures and biological elements and so it is
clear that reducing pressures will have benefits for conservation. If, as current thinking
suggests, this also increases the resilience of ecosystems then the benefits may be even
greater than we realise. Given that reducing pressures has clear and direct benefits for
biodiversity this approach may be considered a ‘no regrets’ strategy which may deliver large
gains. The greatest challenge will arise where reducing pressures is associated with
significant (financial and opportunity) costs and benefits can not be clearly quantified. A
better understanding of underlying ecosystem function and its relationship with high
biodiversity value is a key area for climate change related research.
A further source of uncertainty is that the pressures acting upon freshwater ecosystems may
themselves change in magnitude and effect as a result of climate change, for example
increased rainfall may lead to increased sediment and nutrient transport. As a consequence
we may need to bear down on these pressures more, or less, strongly in the future or shift
emphasis to hitherto insignificant pressures.
Reduce pressures not linked to climate change
There is evidence that pressures such as nutrient enrichment are more important drivers of
freshwater ecosystem quality than the direct impacts of climate change are likely to be. It is
also evident that other pressures may exacerbate climate change impacts both directly (such
as the effects of abstraction on river flows) and indirectly (high nutrient loads may lead to
eutrophication symptoms in rivers when flows are reduced).
Reducing the impact of these pressures is currently the focus of much conservation activity,
particularly in freshwaters where water quality and hydrology play such important roles.
Rather than shifting the emphasis of conservation effort, the current evidence on potential
impacts of climate change supports a continued effort in this direction. It is clear that
anthropogenic pressures might have the potential to degrade the resilience of freshwater
ecosystems and hence may make them more susceptible to the effects of climate change.
Thus, addressing these pressures may be important in building resilience into freshwater
ecosystems so that they are better able to adapt to climate change.
Enhance resilience at the landscape scale
The need to consider resilience and functional processes at the landscape scale as well as
within sites of conservation importance is already ingrained within freshwater conservation
where the management of the wider catchment is now recognised as fundamental to
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achieving conservation goals. In the future, management of freshwater systems is likely to be
as much about land management practices as it is about direct management of the actual
water body in question. Increasing connectivity (see principle 5 below) is a important
element of this landscape approach and this may be delivered both through intervention or
habitat creation and through a ‘hands-off’ approach, allowing ‘natural processes’ to take
place. Habitats created through natural processes such as flooding, deposition and erosion
might be expected to be more sustainable in the medium to long term and will not be
compromised by the limited understanding of links between form and process that has
sometimes confounded habitat restoration in dynamic environments (Clarke et al., 2003).
Increase connectivity
Many freshwater systems have a high degree of inherent connectivity. However, habitat
modification and land drainage have drastically reduced the hydrological connectivity within
the landscape; the number of ponds and small water bodies capable of supporting key aquatic
species has reduced considerably and even rivers which have retained their longitudinal
connectivity are often isolated from parts of the floodplain, with much reduced lateral
connectivity. Many threatened freshwater species have suffered as a result of this
simplification of the landscape and in particular the loss of high quality habitat to disperse to.
Reinstating hydrological connectivity between river channel and floodplain wetlands is a
critical step in ensuring the survival of disturbance dependent freshwater species and the
recreation of a landscape rich in temporary and permanent ponds will benefit a wide range of
species by providing refugia from extreme events and stepping stones to aid migration into
more suitable climate space. However, there are risks associated with large scale
reconnections: first, isolated high quality wetlands and small freshwaters may be
compromised by poor water quality in main rivers which receive large volumes of effluent
and diffuse inputs; secondly, increasing connectivity may favour and exacerbate the spread
of non-native invasive species such as Australian swamp stonecrop Crassula helmsii which
can have devastating impacts on the ecology of water bodies. It is therefore important that
attempts to re-connect rivers with their floodplains are undertaken in parallel with other
activities such as reducing water quality pressures and building resilience (see principles 2, 3
and 4).
Monitoring and analysis
The nature of climate change is such that responses are likely to be unpredictable and there
will be a range of both positive and negative feedbacks. Monitoring and analysis of
ecosystem behaviour is important both in improving our understanding and in refining
management responses. As climate change may take ecosystem behaviour beyond the realms
of our current experience we may gain new insights into ecosystem function and in particular
into the role of natural variability. The unpredictability of climate change and its impacts
presents particular challenges for establishing monitoring programmes and it is possible that
future management will require information on parameters or ecosystem elements that we did
not have the foresight to include within programmes. Consequently, it is likely that long term
monitoring programmes which focus on a range of parameters in an attempt to characterise
the breadth of a system will be of considerable value. At the very least a series of long term
monitoring sites should be established or existing schemes such as the Environmental
Change Network should be expanded to provide analogue sites and contextual information
which may explain observed patterns in data from sites without such records. Furthermore,
the results of monitoring and supporting research into ecosystem function need to be better
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incorporated into management activity and that management itself must be adapted
iteratively in light of such information.
Adaptive management
Climate change may lead to unpredictable responses in freshwater ecosystems particularly as
extreme events (floods, droughts) could be beyond our current experience and hence beyond
the scope of existing models. Furthermore, increasing temperatures and changing flow
regimes may alter the fundamental relationships upon which environmental targets and
management principles are based. An ever changing and potentially unpredictable
environment requires regular appraisal of such targets and revision in light of new knowledge
or understanding. Figure 9.1 displays how such a process might operate.
It is important however, that existing targets are upheld until there is robust evidence to
support revision. Climate change should not become an excuse for a less precautionary
approach to environmental management, indeed much of the current evidence suggests that
the contrary may be required.
Integrate with mitigation/adaptation for other sectors
Climate change mitigation action and adaptation responses for other sectors will bring both
risks and opportunities for freshwater biodiversity. For example, wetland restoration may be
promoted as a means of storing carbon and innovative flood risk management projects may
lead to significant areas of wetland creation. Equally, climate change may encourage a more
responsible attitude to water use or encourage technological developments to minimise water
use. However, some responses to climate change such as a widespread switch to biomass
crops or a hard-engineering response to increased flood risk could have major implications
for freshwater ecosystems and there is always a risk that the pressure of climate change may
set back the cause of freshwater conservation.
Undoubtedly, societal responses to the threat of climate change will offer both challenges and
opportunities for nature conservation in general. The key for those engaged in environmental
management and nature conservation is to identify those opportunities where biodiversity
benefits can be integrated with solutions for other sectors. The scale of the potential impacts
presents a unique challenge to the way that land and water are managed and may lead to a
greater awareness and understanding of the synergies between different objectives. By
emphasising the importance of freshwater ecosystems and the value of the services that they
provide we may be able to effect a regime shift in socio-economic behaviour in relation to
these resources.
Communication
The strong socio-economic dimension to water management means that freshwater
conservation must take account of a diverse range of interests and pressures, not just within
the water sector but in other sectors such as agriculture. The potential impacts of climate
change on these sectors will compound the challenges for freshwater conservation but may
also emphasise the need to fully embrace sustainable catchment management. Thus, the
threat of climate change may highlight the inadequacies of current practice and drive a more
enlightened approach. Central to this paradigm shift is better communication between the
sectors and a shared vision for the future of freshwater resource management.
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There is currently considerable research into the likely impacts of climate change but this has
a strong sectoral bias. For example, flood risk analysis focuses on the implications for flood
alleviation and water companies focus on the implications for water supply and treatment.
However, it is important that in developing adaptation responses, these predictions are shared
and that potential options are widely discussed. This communication needs to extend beyond
those with a professional interest to inform a wider public debate about the way in which we
manage both water and the catchment. Engaging the public in these discussions is even more
critical in the face of climate change because of the range of threats, perceived and real, that
accompany increasing temperatures and altered hydrological regimes, for example: floods,
droughts and waterborne diseases, such as West Nile virus.
Conclusions and Future Steps
The nature of freshwaters and the strong socio-economic dimension to their management (for
reasons of water supply, waste water disposal, aquaculture and recreation as well as flood
risk management) places them in a distinctly separate arena when climate change impacts are
considered. Ensuring that biodiversity is not neglected when critical decisions about
managing water resource demands or dealing with increased flood risk are made is certain to
become a major challenge. The scale and severity of potential climate change impacts upon
society means that it is inevitable that policy makers and politicians will pursue those
solutions which minimise these risks and in the most cost-effective way. What is also clear is
that there is a role for freshwater scientists and managers in informing these choices and
demonstrating the potential for mutually beneficial approaches.
All current evidence suggests that safeguarding and enhancing the resilience of freshwater
ecosystems must be at the heart of freshwater nature conservation. In some senses the
concept of ecosystem function (even if it can not be satisfactorily defined) is already
embedded in freshwater conservation objectives with increasing emphasis being placed on
abiotic attributes underpinning and shaping ecological communities, and reducing the
pressures affecting these. As such, adapting to climate change may not require a significant
shift in emphasis but might necessitate a more inclusive way of working.
In order that the various opportunities to enhance freshwater ecosystem resilience are realised
it is imperative that there is a coordinated response across the water sector. At present
different organisations are focused on adaptation responses for their particular sector of water
and land management yet the challenge of climate change, which touches directly upon all
other water management issues, warrants a more coordinated approach. Only by
understanding and valuing the services that functioning freshwater systems provide can we
hope to adapt to climate change and deliver significant benefits for biodiversity, putting our
society on the right track to true sustainable development.
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Panel Discussion
Ed Maltby (University of Liverpool, chair)
Harriet Orr (Environment Agency)
Stewart Clarke (Natural England)
Clive Harward (Anglian Water)
Peter Singleton (SEPA)
Question: With respect to water demand, if it takes 25 years for a new reservoir to come on
line and there are 1.2 million new houses planned for the East of England how much more
abstraction can be expected as I don’t think that increased metering, improved education or
a reduction in leaking mains will fill that gap?
Clive Harward: I think there are two considerations, first we need to take a multi-tooled
approach. We already have capacity to meet some extra demand, but we do need to maximise
demand reduction. We then need to explore how new resources can be best developed
working together with the Environmental Agency (EA) and other bodies, especially planning
authorities. One aspect of this is for new homes to be built with water efficiency in mind, but
we also need to make existing properties more efficient.
Ed Maltby: A further consideration is to ensure that increased water use doesn’t conflict
with other interests such as biodiversity and water quality.
Harriet Orr: The water industry and the EA work together but also have separate long-term
water resource plans. The EA use their 25 year water resource strategy to consider water use
and needs at regional scales so there are opportunities to balance demand across regions and
to take climate change into account. Abstraction management strategies (CAMs) and
abstraction licensing operate at the catchment scales. I think that it is inevitable that we will
reach the point where there is no more water available for abstraction at some locations,
though there may well be scope to use the water we already have more efficiently or for
different uses.
Stewart Clarke: One of the problems is that people make no distinction between water that
comes out of their tap and water that runs down the river. We need to raise awareness not just
about the origin of water in the taps but more generally about ecosystem services. Climate
change may actually be the tipping point that makes that leap in understanding. People might
begin to think about the consequences of their actions and make changes in their behaviour
because they recognise the wider implications. It is not just about conservation versus
development, people have to see development being supportive of their natural environment.
Peter Singleton: In Scotland it is quite difficult to persuade people that there is a water
shortage. On the other hand it is possible to explain to people that water used in houses has a
climate consequence: energy is used to supply and purify water. We are putting pressure on
Scottish Water at the moment to calculate the full economic cost of water supply to bring
climate change into the equation and encourage reduction in leakage. We have also attempted
to calculate the value of ecosystem services in Scotland, with respect to what it delivers to
the Scottish economy. We came up with a figure of something like £17million per annum
with an error bar of about £5 or £10 million. People need to realise that they are in fact
making a living from the natural environment.
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Question: I would like to ask what proportion of Anglian water goes into irrigation? Under
the Water Framework Directive (WFD), we are supposed to price water appropriately. If
there is a shortage, its value will become higher. What is the EA doing about the pricing of
water and what will the water companies do with the very high profits from very high costs of
water delivered to consumers?
Harriet Orr: Water for abstraction is granted on a first come, first served basis. Many
existing licences were granted on an indefinite basis, but we have a project to look at how we
can retract some of them; it is likely to be an expensive option. All new licences are timelimited so that we can manage catchments flexibly in the future.
Clive Harward: Ofwat are the chief regulator for water industry prices and they set prices
looking at the investment needs of the area those companies operate in. Anglian Water has
been investing over £1 million per day on environmental and drinking water improvements
since privitatisation, and there has been a tremendous improvement in terms of water quality
as a result.
Question: What is the water industry doing to educate people in moving towards a lower
use of water? Or is the industry only planning an adaptation strategy of transporting more
water in from wet regions? What is being done to manage water levels in reservoirs with
high biodiversity interest?
Stewart Clarke: On the reservoir question it is an issue that we recognise but there has been
little research on the impacts of reservoir water-level fluctuations. It is something that has
caused problems for the WFD in terms of setting targets for biology and we need
fundamental research to point us in the right direction for management.
Clive Harward: Reservoirs were created for drinking water and that is their primary
purpose, but we then need to optimise their other uses for recreation and biodiversity.
Question: Do we need to be more open minded about non-native species and whether they
can be part of our adaptive strategies?
Stewart Clarke: We are often forced into positions in conservation agencies to make a
decision about a new arrival in a particular water-body. Unfortunately it’s difficult to judge
its impact immediately, but the danger is to sit back and watch. Then it may be too late.
There is also a difference between impacts on long time-scales that allow balance to be
restored and short time-scales when the initial impact can be massive and systems can be
fundamentally altered.
But I would make a distinction between those species that arrive here naturally and those that
clearly couldn’t arrive by any other agency than by human introduction. For example,
something that arrives from South America should be viewed in a different light than
something from continental Europe that might simply have been prevented from crossing the
channel by sea-level rise following the last glaciation.
I think we have to deal with non-native species on a taxon by taxon basis. For example, there
is a debate about the zebra mussel, an introduced species that can have a considerable impact
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on aquatic ecosystems. In the Netherlands it is viewed as favourable as it helps to meet WFD
requirements for clearer water and more aquatic plants. On the other hand if we are
interested in biodiversity we need to know what impact it is having on other macrozoobenthos.
Clive Harward: Zebra mussels cause a lot of problems for the power and water industry
because they cling to pipes and other infrastructure and cause major blockages and flow
problems. They are difficult to control, and treatment costs are increased as pipe diameters
are decreased, increasing pumping needs.
Question: What will the effects of increasing temperature have upon diseases for freshwater
biota?
Harriet Orr: There is considerable dispute amongst experts looking at bacterial, viral and
other diseases. It is probable that we will need to spend more on water and waste-water
treatment and examine how we manage water storage. That includes reservoirs, off-line
storage and storage releases to flowing streams and the management of livestock. The
bottom line is that it is likely to cost much more to maintain ecological status.
Question: Shouldn’t we be thinking in whole catchment terms and not only end-of- pipes?
Harriet Orr: Yes, although whole catchment management is more difficult to deal with.
Ultimately it is the only effective approach, and the WFD with its emphasis on river basin
planning arguably provides a framework for doing that.
Clive Harward: I agree. The WFD does give us the opportunity to look at how we manage
catchments far more effectively than we have in the past. There is a choice to be made by
society as to what is the most cost effective approach to managing those issues. In terms of
sustainability it is important to examine catchment controls, not just agriculture but also
manufacturing industry. It is necessary to ensure that waste products do not enter the aquatic
system in the first place before we go to what we may see as the easy option of an end of
pipe solution. End-of-pipe solutions are usually highly intensive in terms of energy and in
terms of chemical use and the transport of chemicals, all of which contribute to greenhouse
gas emissions.
Question:: How much impact is climate change having in comparison to land-use change,
how can targets for future ecological status be set and is there an acceptance that climate
change is moving these targets?
Stewart Clarke: Although the WFD is very aspirational there is a lot of wriggle room for
governments and administrations. What we should be thinking about is what we as a society
want to see and how to set those targets. But the use of reference conditions as a target is
useful because, without this guidance, we may end up with systems that have no biodiversity
value as people may want water for their own needs and not take account of long-term
sustainability. With respect to changing baselines, we have to recognise, particularly in the
conservation field, that we usually want ecosystems to function as they did in the past, but it
has become apparent that this may not be appropriate in a world of changing climate. On the
other hand we don’t yet have the scientific understanding to be more flexible. Monitoring is
essential to inform management on progress being made towards targets.
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Peter Singleton: It will be essential to build in a shifting baseline component into the WFD.
For example there are fixed temperature targets in some of our directives which will become
impossible to meet.
Harriet Orr: The WFD does assume static parameters but implementation will need to be
more flexible than the legislation implies. The problem is that the science and certainly our
ability to deliver on the objectives of the WFD is somewhat behind the aspirations of the
Directive. One approach as Stewart indicated in his presentation is to emphasise ecosystem
functioning rather than static taxonomic descriptions. But what do we mean by function and
how do we measure it? Maybe we could use life-cycles and say that if species could
complete all their life stages in a particular system, the system was functioning well and had
good status. There is some scope for climate proofing the way we characterise water bodies
and ensuring the measures we propose for improving status will remain viable under future
climates. The 6 year cycle of the WFD provides an opportunity to improve as we go along.
Comment from the floor: I don’t think the science lags behind the aspirations of the
Directive. Annex 5 is 1950s freshwater ecology, the aspirations are 21st century and ecology
in 2007 is well up to the WFD needs. The point is that we are limited by Annex 5 which says
you must look at ecosystems as lists of species, as particular thresholds of chemicals instead
of major ways in which ecosystems function. I think if we’d taken that view and focussed on,
for example, connectivity, nutrient parsimony or characteristic structure then we wouldn’t
now be having a problem with determining reference conditions or coping with climate
change. Annex 5 has forced the agencies to operate 50 years behind what modern freshwater
biology is capable of doing and that is a great tragedy.
Comment from the floor: As this isn’t a meeting about the WFD I don’t want to respond to
the functional issue other than to say I think those of us involved in the WFD struggled with
that concept. We would have liked to have used it but didn’t succeed. The issue I wanted to
come back to is about relative scale and the difficulty of determining reference conditions
with any degree of precision. What we have to do with the WFD is to detect a significant
shift, which is what we call moderate status. The issue is, are we going to be able to detect a
change in reference state with sufficient resolution to have any real effect on our assessment
of status. I am pretty clear we won’t. We simply don’t have the capability of defining it well
enough to detect the effects of climate change, unless the pressure of climate change
becomes as big as some of the other anthropogenic pressures.

Question:: We have heard a lot about impacts on inland waters, what about coastal zones?
Stewart Clarke: What happens at the coast is really quite critical. If you look at the
southeast of England, there are some amazing centres of aquatic biodiversity, particularly for
plants and invertebrates, that are right up against the coast. Most of them are below sea level
and concentrated in ditches in grazing marshes that are completely artificial. What seems to
have happened is that all those species have been driven down the catchment as the river has
become more and more simplified, we’ve lost lateral connectivity and we’ve lost those small
water bodies that would have supported those plant species. In the long term they are
probably not sustainable because their natural habitat has been lost and these artificial
refuges are vulnerable to sea- level rise. There is no easy solution. Our coastal colleagues in
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Natural England are quite keen on allowing sustainable naturally functioning coasts to
develop and DEFRA are keen on not spending large amounts of money on repairing sea
defences that have to be ever higher and ever more robust. So the danger is we will lose
those freshwater habitats completely, unless we can improve lateral connectivity within
floodplains at a greater distance from the coast.
Comment from the floor: For information there is a programme just starting on the effects
of sea-level rise on transitional waters in collaboration with the Fresh Water Biological
Association, Marine Biological Association, Plymouth University and Southampton
University. Our contribution is to look at the potential effects of salt-water infiltration on the
invertebrate and fish communities of East Anglian rivers, building on our long time-series
back to the 1960s.
Question:: There is a danger that the precautionary approach to management might be
abandoned by some regulators on the basis that climate change might lead to irreversible
damage beyond our control. Can we make a better argument for the precautionary
approach based on the scientific evidence for ecosystem resilience?
Peter Singleton: We have put together guidance on the precautionary principle on our
website with the intention of adopting it internally. It’s important to use the precautionary
principle in all debates and modify decision making as more information and understanding
is acquired.
Clive Harward: We need to look carefully at how we achieve our objectives. The WFD
does provide an opportunity to look at all the measures that can be taken and to work out the
most cost effective so we can ensure we are not contributing more greatly to a problem than
the solution that we are trying to achieve.
Comment from the floor: The WFD clearly states that no deterioration is allowed and the
precautionary approach is already enshrined in European legislation. It would be a tragedy if
uncertainty over the impact of climate leads to the neglect of carrying out some quite simple
measures that we understand already in terms of reducing pressures on ecosystems.
Harriet Orr: If we are investing in programmes of measures it would be good to adopt a
precautionary principle, follow good practice everywhere and ensure that projects are climate
proofed. The UK spends £7 million each year on flood defence: are we doing it in the right
place?
Clive Harward: In delivering the aims and objectives of the WFD we need to consider
which is the most cost effective solution and the impacts of climate change need to be built
into the costs.
Peter Singleton: Putting a genuine price on carbon, at least in Europe, when making WFDtype decisions would allow us to make decisions properly.
Ed Maltby: We have had a fascinating discussion covering a wide range of questions
ranging from the importance of societal interests, the role of the water industry and its
approach to climate change and water resources, the importance of a whole catchment
approach to management, implications for the WFD and the idea of references and targets,
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the importance of the link to the coasts and other adjacent systems, the need to add greater
validity to the precautionary approach and finally the importance of assessing economic
impacts and valuation. All this is at the heart of the “ecosystem approach”. So thank you to
the panellists.
Final remarks
Rick Battarbee: I just wanted to say a few words in summing up the day as a whole. First of
all I’m delighted so many came to the meeting, a reflection I think on the importance that is
now being attached to this particular issue.
From the research presentations in the morning session we heard how the climate in the UK
might change over the next century and then we heard from several speakers how we’re
beginning now to make progress, particularly through the Euro-limpacs project, in tackling
some of the central questions concerning the impact of climate change on freshwater
ecosystems across Europe including the UK. The issues not only concern the direct impacts
of changes in temperature and precipitation change but also how climate change might cause
changes to the behaviour of pollutants and to catchment land-use that will indirectly impact
on surface waters. There is a very strong probability, for example, that future climate change
may cause eutrophication-like symptoms in our lakes and confound attempts to restore lakes,
especially shallow lakes, to good ecological status as required by the WFD.
We’re also making progress in developing tools useful both for research and management.
These include major databases and information systems that are being generated by
European-scale projects, catchment-based models that are beginning to allow us to explore
catchment response to different climate and pollution scenarios separately and in
combination, and decision-support systems designed to help the user community assess
different options for catchment management.
We should at this stage, however, not assume that we can predict the future of our freshwater
systems with any real accuracy. We are dealing with very complex systems: they are
naturally complex and it is extremely uncertain how key processes will be modified in future
under different combinations of stresses at the catchment scale. What is clear on the other
hand is that in most, but not necessarily all, cases climate change will cause a deterioration of
water quality and significant changes in patterns of aquatic biodiversity. Stabilising
greenhouse gas concentrations at benign levels may prove extremely difficult. Consequently
we need to address the problem of how freshwater ecosystems need to be managed to
minimise damage and be prepared to make decisions now, using the precautionary principle,
as many adaptation strategies have long lead times.
In this context it was interesting to hear in the afternoon session about the kinds of plans the
water industry and environmental protection agencies have in place to tackle this issue. My
impression was that the Water Industry, or at least Anglian Water, has been giving climate
change problems considerable attention, but that other organisations had less well advanced
strategies, although it was good to hear that Natural England, in amongst the negative
projections could see opportunities for enhanced wildlife protection in some habitats.
Finally, perhaps the main achievement of the day has been to bring the UK research
community together with those responsible for the management of the UK’s freshwater
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ecosystems together for the first time. It is important to maintain the dialogue in the future.
For our part we are keeping the Euro-limpacs web-site up-to-date with the progress of
research and we will publish the proceedings of this meeting as soon as we can.
Thanks to everyone for coming, and thanks to all our speakers, to the panel members and to
the panel chair. Also, special thanks to our organisers and helpers Heather, Ginnie, Gen and
David.
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Climate change impacts on freshwater ecosystems in the UK: research priorities to
support adaptation responses
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England

Introduction
There is a strong consensus in the scientific world that global warming as a result of
increases in the atmospheric concentration of greenhouse gases from human activity is real
(IPCC 2007). General circulation models developed to project climate change in the future
are becoming increasingly robust, and it is now clear that human society needs urgently to
reduce emissions of greenhouse gases to mitigate the problem (Kyoto 1997). Critical natural
resources are at risk and adaptive strategies are urgently required to accommodate the likely
effects of unavoidable warming. The potential changes to the water cycle make freshwater
ecosystems especially vulnerable and many are already subject to other pervasive
environmental pressures.
In the UK, University College London hosted a one-day meeting on 'Climate Change
and Aquatic Ecosystems in the UK: Science, Policy and Management' on Wednesday 16th
May, 2007, sponsored by the Environment Agency, Freshwater Biological Association and
the European Commission. It provided an opportunity to review progress in modelling
climate change impacts on freshwater ecosystems in the region; present the interim results of
current UK and EU-funded research on climate change, especially from the EU-Eurolimpacs, PRINCE, and EU-CLIME projects; discuss the implications for the implementation
in the UK of current EU policies on water quality and aquatic biodiversity (principally the
Water Framework Directive and the Habitats and Species Directive); and identify gaps in our
understanding and assess priorities for future research.
Over 100 members of the freshwater community attended and they represented a wide
spectrum of interests – research scientists, conservation and regulatory agencies, nongovernment organisations, learned societies and water companies. In association with the
conference proceedings, this position statement brings together the key evidence of climate
change and the implications, highlights research gaps and proposes possible adaptation and
mitigation strategies. We hope it provides a useful summary for other academic colleagues,
conservationists, environmental managers and policy makers.
Climate change impacts on UK freshwater ecosystems
Anticipated UK climate changes are discussed in Chapter (Steynor). Chapter 1 (Battarbee
and Kernan) outlines the anticipated climate change impacts across European freshwaters
from direct changes e.g. in precipitation and temperature and through interactions with other
stressors e.g. eutrophication, and acidification. A number of specific examples of climate
change impacts on UK freshwater ecosystems and components of them are described in these
proceedings and elsewhere (e.g. Chapters George, Moss, Conlan et al, 2007). Broad impacts
across UK freshwaters are uncertain but directions of change can be indicated with specific
sensitivities emerging, such as headwaters and shallow lakes (Chapter Clarke).
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It is widely recognised that freshwater ecosystems will change as a result of direct and
indirect climate changes, and that any adaptation strategies need to take account of the wide
socio-economic dimension of freshwaters (see chapter Clarke). Research needs to inform
adaptation are centred around being able to scale up from individual case studies to a more
strategic level of planning, to identify interactions with other processes, such as changes in
nutrient cycles (Chapters Moss and Evans) and the requirements of water users (Chapter
Whitehead). Those charged with developing adaptation strategies are undertaking joint
research programmes to collate evidence of recent and anticipated change, and considering
options for longer term research to understand which measures would help maximise
freshwater resilience and where these should be targeted.
Research priorities
There remain enormous uncertainties about how freshwater ecosystems will respond to
future climates. There are also large challenges remaining to be resolved from historic
impacts and pressures on freshwaters however there is consensus that research priorities from
a conservation perspective can be grouped under four themes; some key questions are
presented under these themes.
1. Ecosystem resilience and function
• How will climate change impact on ecosystem function, biodiversity patterns and
trends?
• How sensitive or resilient are different freshwater ecosystems and communities to
hydrological regime change?
• What are the biological and conservation/management implications of changes to
physical and hydrological processes such as stream flow variability and lake
stratification and mixing?
2. Interaction with other pressures
• What are the general interactions between climate change and eutrophication,
acidification, and water quality, including DOC?
• What effects will changing hydrology and biogeochemical processes have on plant
communities, nutrient dynamics and productivity in wetlands?
3. Monitoring changes and impacts
• Can biological and functional indicators of climate change be identified?
4. Developing tools and management responses
• Can we improve models of biological response to past climates for future projection?
• How can models be best used to develop adaptation strategies and tools?
• What steps that we can take to enhance resilience for different water bodies?
• What are best adaptation measures for different water bodies?
• How important is climate change compared with other influences on different water
bodies?
• How will adaptation and mitigation strategies for other sectors impact and interact
with, freshwater biodiversity and management?
Climate change and adaptation research needs have also been identified by the UK
Biodiversity Research Advisory Group: http://www.jncc.gov.uk/pdf/BRAG_REPORT_20032006.pdf
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“Preparing for climate change – what do we need to do now?”
There are a number of activities which we need to re-invigorate and implement now to help
us get ready for climate change including:
1. Continue to conserve the natural biodiversity resource in the UK within designated sites
and on a catchment-landscape scale.
2. Develop a co-ordinated, collaborative freshwater climate change research programme,
which can address the research priorities identified in the earlier section. This
programme needs to have international links and be responsive to changing climate
change scenarios.
3. Develop a UK freshwater climate change monitoring network and safeguard existing
long-term datasets such as the Acid Waters Monitoring Network Environmental Change
Network
4. Provide guidance for applying downscaled climate change models at the regional and
river basin scale to determine scale of impacts and facilitate local responses.
5. Develop a strategy to maximise freshwater ecosystem resilience in the face of climate
change using a natural processes approach. We envisage that this would take the form of
a. a strategic programme of large scale habitat restoration which would create a
network of sites to facilitate shifts in plant and animal distribution within and
between ecosystems with minimum risk;
b. targeted species restoration (and possibly translocation) projects;
c. the application of best available technology to minimise confounding
influences of eutrophication and acidification; and
d. the minimisation of existing pressures on fresh waters through the utilisation
of the available policy tools and initiatives e.g. Water Framework Directive,
SSSI’s, Habitats and Species Directive, Nitrates Directive, catchment
sensitive farming.
Fresh water is a much-appreciated and exploited component of the natural environment that
is certain to become even more critically important in the context of climate change. This
also provides a positive opportunity or indeed a necessity for wide-ranging partnerships
within and between local communities, scientific disciplines, environmental managers and
organisations. Such essential interactions need to be supported by easily accessible
information, and adequate educational and communication resources.
References
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Climate change and UK’s aquatic ecosystems
Wednesday 16th May 2007
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Morning: potential impacts of climate change (Chair: Martin Kernan)
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12.00
12.20
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Introduction (Rick Battarbee)
Climate projections for the UK 2070-2100 (Anna Steynor, UKCIP)
Developing indicators of climate-induced change in river ecosystems
(John Murphy, CEH)
Climate change and eutrophication – deep lakes (Glen George, CEH/UCL)
Eutrophication and climate change – shallow lakes (Brian Moss, University of Liverpool)
Climate change, acidity, nitrogen and water colour (Chris Evans, CEH)
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Afternoon: modelling and managing the impacts of climate change (Chair: Rick Battarbee)
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(Paul Whitehead, University of Reading)
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(Clive Harward, Anglian Water)

Tea 16.00-16.20
16.20 – 17.30

Panel discussion: policy and management

Ed Maltby (Chair)
Stewart Clarke (Natural England)
Rob Wilby (Environment Agency)
Peter Singleton (SEPA)
Clive Harward (Anglian Water)
General Discussion
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