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Non-technical summary

WISER aims to support the implementation of the Water Framework Directive (WFD)
by developing tools for the assessment of the ecological status of European surface
waters. With many European| akes wunl i kely to achieve
restorative measures, the assessment systems used in the WFD are required to
consider recovery in order to judge restoration success. Most previous projects dealing
with assessment systems have focused on the effects of deterioration. WISER also
deals with recovery.

The report summarizes the progress made within the WISER project in the following
areas:

1 Reviewing the current understanding of the impacts of climate change on lakes and
how this can be utilised to develop and improve our understanding of lake
restoration.

1 Investigating the pathways of degradation in lakes where eutrophication has been
the primary stressor and examining how these pathways react during lake recovery
following remedial action.

1 Two further studies are presented which use lake sediment records and long-term
monitoring data sets to assess the relative importance of climate versus
eutrophication.

1 The role of cladocerans in tracking long-term changes in shallow lakes is explored;
a study which highlights the sensitivity of this biological group and presents it as a
strong candidate as the single best indicator for assessing trophic change in lakes.

1 Finally Baysian network models are presented as an effective tool for unravelling
the complex interaction between the impacts of lake restoration and climate change
on the ecological status of lakes.

In addition to providing an assessment of the various tools available for tracking
environmental change in lakes, this report highlights the complexities of ecosystem
recovery under changing global conditions. A reduction of environmental stressors (e.g.
eutrophication) will undoubtedly result in ecosystem improvement, but it is unlikely to
simply be the reversal of deterioration and some examples show that recovery may
lead to conditions very different from the original undisturbed stage. These studies
contribute towards the scientific basis for underpinning the management of freshwaters
in order that it is strengthened and targeted appropriately

The main achievement of societal relevance is the increased understand of how
strategies for the sustainable management of freshwaters, for example, as required by
the WFD, may need to be modified to take account of global, especially climate
change.
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Extended summary

Responsible: Ben Goldsmith Contributors: all authors

Chapter 1 gives an overview of the current understanding of the impacts of climate
change on the ecological status of lakes. WISER has built on the experience and
results from several European projects including STAR, REBECCA, THRESHOLDS
and Euro-limpacs. Euro-limpacs was concerned with the effects of climate change on
aquatic ecosystems and the outcomes are therefore very relevant to WISER. The
review details work conducted on the direct impacts of climate change on lakes
including the effects of temperature, ice cover and wind speed. The interactions with
hydromorphology are also discussed in relation to catchments processes and
increased sediment loads on deep lakes and impacts of higher sediment accumulation
rates on shallow lakes.

Eutrophication of inland waters is now probably the most widespread problem in
freshwater ecosystems. Spatial studies concluded that with increasing temperature,
European lakes are likely to witness significant impacts on phytoplankton, zooplankton
and macrophyte populations with implications for ecological status and biological
assessments, particularly where there are barriers to migration. There will certainly be a
deviation from notional reference conditions. A number of contemporary and
palaeoecological studies are presented with the general agreement that that warming
will exacerbate many, though not necessarily all, symptoms of eutrophication. It was
also concluded that the complexity of the processes resulted in a high degree of
uncertainty when it came to addressing specific problems and a precautionary
approach was recommended.

Other stressors are examined including acidification, trace metal pollution and
persistent organic pollutants and the many complex cause-effect chains that will be
driven by climate change. These will be directly and/or indirectly influenced by
temperature and precipitation and will be linked by numerous interacting environmental
parameters. Euro-limpacs identified a potential set of indicators for lakes in cold,
temperate and warm ecoregions. Most of these were indicators that could be
accommodated within existing routine monitoring programmes and, in many cases, it
was concluded that simple physico-chemical measurements are most appropriate.

The role of Euro-limpacs in defining reference conditions is discussed and the two main
approaches detailed. Typology- and model-based approaches were in some cases
very effective with for example latitude, altitude and catchment size being important
predictors of invertebrate assemblages in boreal streams. There is evidence, however,
that classifications based solely on landscape-scale predictors do not capture the fine-
scale variability of aquatic communities. Site-specific predictors such as water
chemistry also need to be included. Historical and palaeolimnological records have

Page 8/158



WI S E R Deliverable D5.2-3: Report on effects of global change on lakes

therefore also been used extensively, particularly for regions which today have few, if
any, reference sites remaining. While these methods can in many cases produce very
good estimates of reference conditions, there remains uncertainty and use of multiple
approaches is recommended along with further research.

The complexities of lake restoration are considered in terms of bio-geographical
mechanisms such as dispersal and connectivity and how these may be further
impacted by climate change. Thepot ent i al | oss of aqguatic 0c
warmer climates is one such example. There is also acknowledgement that the
reference condition is not static, but will likely show a monotonic climate-driven trend.
Hence approaches that explicitly include interannual variability in weather and/or long-
term trends in climate should be given greater consideration. Research is needed to
disentangle the effects of short-term climatic events such as the influence of
interannual NAO oscillations from long-term climate-driven trends would be of interest.

In conclusion, the main outcomes of the Euro-limpacs project included:

i) increased understanding of the effects of climate change, both directly and through
its interaction with other key stressors, on the ecological status and functioning of
European freshwaters;

i) identified and evaluated restoration efforts to recover the historical losses and
degradation which have occurred due to human impacts;

iii) developed approaches and identified priorities for dealing with the effects of future
global change scenarios relating to climate and hydrology, land-use and nutrients,
acidity and toxic substances.

iv) developed a unified system of ecological indicators for monitoring freshwater
ecosystem health, and new methods for defining reference conditions and restoration
strategies.

Chapter 2 examines the degradation and recovery pathways as identified through the
palaeolimnological record of both deep and shallow lakes. Efforts to restore enriched
lake systems have increased over the last few decades, but there remains,
considerable uncertainty about whether restoration targets can be achieved and over
what timescales one might expect to see improvement. Here, palaeoecological
techniques are employed to examine the degree of impact and recovery in thirteen
European lakes that have been subject to eutrophication and subsequent reduction in
nutrient loading. The response of several diatom metrics is explored including
percentage plankton, diversity, community composition and diatom-inferred total
phosphorus concentrations.

Changes in the diatom records reflect both the degradation and the recovery process.
All sites, with the exception of two lakes where the patterns are less clear, exhibit
progressive deviation from the reference sample (core bottom) during the period prior
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to nutrient reduction, indicating gradual compositional change with enrichment. The
shifts in diatom composition following reduction in nutrient loading are more equivocal,
with a clear reversal towards the reference flora seen only in four of the deep lakes and
one of the shallow lakes. The compositional changes are gradual suggesting that
ecological recovery may take several years to decades. In the remaining deep lakes,
alternative nutrient sources would seem to explain the lack of apparent recovery. In
three of the shallow lakes the diatom assemblages do not track back along the
enrichment pathway following remediation but are replaced by a community associated
with lower productivity. Factors such as internal loading and top down control may
influence the recovery process in shallow lakes. Hence, ecosystem recovery is not
simply a reversal of the degradation process. The recovery process has a long way to
go in all sites as the present assemblages remain different from those seen in the pre-
enrichment samples, as indicated by ordination analyses and high dissimilarity scores
between core bottoms and tops.

By assessing ecological change over a centennial to decadal timescale, the study
highlights the important role that palaeolimnology can play in establishing a benchmark
against which managers can evaluate the degree to which their restoration efforts are
successful.

Chapter 3 focuses on Loch Leven and explores the potential of a palaeolimnological
approach, in combination with long time series, to assess the impacts of nutrients and
climate on a range of timescales from several centuries to seasons. Changes in
nutrients and climate have occurred over approximately the same timescales in many
European lake catchments. This study attempts to interpret the sedimentary diatom
record of Loch Leven (a large shallow lake), in relation to these pressures using
information gained from analysis of long-term datasets of water quality, climate and
planktonic diatoms. The core data indicate enrichment of Loch Leven starting in ~1800-
1850, most likely from agricultural practices in the catchment, with a more marked
phase since ~1940-1950 caused by increased phosphorus inputs from sewage
treatment works, land drainage and a woollen mill.

While the recent diatom plankton remains are dominated by taxa associated with
nutrient-rich  conditions, an increase in Aulacoseira subarctica relative to
Stephanodiscus taxa since the mid-1980s suggests that reductions in external
catchment sources of nutrients (since 1985) may have resulted in partial recovery. This
observation accords well with the long-term monitoring series of water chemistry and
phytoplankton.

On a decadal-centennial scale, the eutrophication signal in the sediment record
outweighs any evidence of climate as a control on the diatom community. However, at
an inter-annual scale, while the diatom data exhibit high variability, there are several
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changes in species composition in the recent fossil record that may be attributed to
climatic controls.

The study again highlights the value of a palaeolimnological approach, particularly
when coupled with long-term datasets, for developing our understanding of
environmental change at a range of temporal scales. The diatom record in the
sediment can be used effectively to track recovery from eutrophication, but requires
greater understanding of contemporary ecology to fully interpret climate impacts.

Chapter 4 exemplifies the use a long-term monitoring dataset of both phytoplankton
and physicochemical characteristics of Esthwaite Water (England) that started in 1945.
This provides a rare opportunity to understand the effects of climate and nutrients on a
lake ecosystem. Monitoring records show that the lake experienced nutrient enrichment
from the early 1970s, particularly after 1975, associated with inputs from a local
sewage treatment plant, resulting in marked increases in concentration of soluble
reactive phosphorus (SRP). Climatic variables, such as air temperature and rainfall,
exhibit high variability with increasing trends observed after 1975.

Diatom analyses of an integrated *°Pb-dated lake sediment core from Esthwaite
Water, covering the period from 1945 to 2004, showed that fossil diatoms exhibited
distinct compositional change in response to nutrient enrichment. Redundancy analysis
based on diatom and environmental data sets over the past 60 years showed that the
most important variables explaining diatom species composition were winter
concentrations of soluble reactive phosphorus, followed by air temperature,
independently explaining 22% and 8% of the diatom variance, respectively.

Additive models showed that winter SRP was the most important factor controlling the
diatom assemblages for the whole monitoring period. AirT had little effect on the diatom
assemblages when nutrient levels were low prior to 1975. With the increase in nutrient
availability during the eutrophication phase after 1975 however, climate became more
important in regulating the diatom community, although SRP remained the major
controlling factor.

The relative effects of climate and nutrients on diatom communities vary depending on
the timescale. RDA and additive model revealed that climate contributed little to diatom
dynamics at an annual or decadal scale. The combination of monitoring and
palaeolimnological records employed here offers the opportunity to explore how
nutrients and climate have affected a lake ecosystem over a range of timescales.
This dual approach can potentially be extended to much longer timescales (e.g.
centuries), where long-term, reliable observational records exist.

Chapter 5 provides a very comprehensive insight in to the use of cladoceran remains
in lake sediments for tracking long-term changes in shallow lakes. Shallow lakes in
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particular have been affected by human activities, profoundly altering their ecological
structure and function with aquatic macrophytes often being used to determine the
ecological condition of a site. Similarly, although not included as a BQE in the WFD,
many studies have shown cladocerans to be useful tracking the changes resulting from
a variety of drivers at a number of time-scales. In this study the plant macrofossils are
compared with the sub-fossil cladoceran assemblages from 20 dated sediment cores.
Co-Correspondence Analysis was used to determine the degree of commonality of
change in community composition of the two biological groups through time.

The analysis revealed very high levels of agreement in the nature and timing of change
at all the sites examined with very high correlation coefficients between the axis 1
scores for macrofossils and cladocerans. Furthermore, at all sites a high proportion of
the variance (min 20%, max 54%) in the macrofossil data was explained by the change
in the cladoceran assemblage. Sub-fossil macrofossil and cladoceran assemblages,
from at least from 1700 AD onwards, were examined in more detail at three sites:
Ormesby Great Broad, Felbrigg Lake and Lake Sgbygaard. There was very good
accord in the main shifts of the cladoceran and macrofossil assemblages at all three
sites. This may reflect the long-term shift in the principal focus of primary production
from the benthic to the pelagic habitat.

It is suggested that the combination of their central position in the food web and the
presence of both pelagic and benthic taxa make cladocerans a strong candidate as the
single best indicator of (palaeo) ecological condition related to changing trophic status
and alteration in food-web structure in shallow lakes. This study provides compelling
evidence for the inclusion of cladocera as a BQE in the WFD.

Drawing on many of the issues discussed above, Chapter 6 outlines the use of
Baysian modelling techniques to address the complex interaction of climate change
and the ecological stats of lakes. Specifically, this modelling study focuses on the
combined impacts of restoration and climate change on ecological status based on
phytoplankton (chlorophyll a). In addition, the effect of lake restoration in terms of
reduced P loading is also modelled considering altogether 9 scenarios: 3 levels of
restoration (no change; -20% P loading; -40% P loading) combined with 3 levels of
climate change (no change; +2 °C air temperature; +4 °C air temperature). The impacts
of these scenarios are explored through the lake status class according to a biological
guality element (phytoplankton) as well as supporting physico-chemical elements (total
P and total N). Since the ecological classification of lakes is dependent on the lake
type, the work is limited to two common lake types of Northern Europe as an example
(L-N2a - low altitude; L-N5 - high altitude).

A Bayesian network can be developed as a conceptual model, but can also be
parameterised and used as a simulation model. In brief, each variable (e.g. Total P,
Chl-a) is illustrated by a node, which represents a discrete probability distribution. This
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modelling approach has many benefits, especially in relation to environmental risk
assessment and management: it can easily combine data or other information from
different sources; it can explicitly model uncertainties (as probability distributions); and
it can predict the probability of different outcomes of interest (such as different status
classes).

Accepting the model limits and assumptions, the BN model predicts a climate change
of +2 °C would almost counteract the benefit from 20% P loading reduction, while +4 °C
would more than outweigh the benefits from 40% P loading reduction. The risk of not
meeting good ecological status was less affected in this study. Although "good
ecological status" is the main WFD management goal, preservation of high status is
also a WFD requirement.

The Bayesian network modelling approach presented in this chapter is very general,
and can easily be extended to include more lake types and other biological quality
elements, as well as different scenarios. Based on the work presented here, the BN
methodology has also been adopted by the ongoing EU project REFRESH, as a
common approach for linking ecological responses to physico-chemical pressures for
all water categories and all biological groups.
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1. The impacts of climate change on the ecological status of lakes
and on the use of reference conditions as a tool for lake
restoration - a review of outputs from Euro-limpacs

Responsible: Martin Kernan
1.1 Introduction

1.1.1WISER

The primary aim of WISER (Water bodies in Europe: Integrative Systems to assess
Ecological status and Recovery) is to support the implementation of the Water
Framework Directive (WFD) by developing tools for the integrated assessment of the
ecological status of European surface waters.

A large proportion of European water bodies will fail to reach good status without
restorative measures. The assessment systems used in the WFD are required to
consider recovery as well as deterioration of freshwater ecosystems as they will be
used to judge restoration success. Most previous projects dealing with assessment
systems have focused on the effects of deterioration. WISER also deals with recovery.

It is now clear that ecosystem recovery is unlikely to simply be the reversal of
deterioration and some examples show that recovery may lead to conditions very

different from the original undisturbed stage. WISER examines ecological non-linear
responses, regime shifts and changing baselines and is investigating cause-effect-
recovery-chains for different water categories and for different Biological Quality
Elements (BQEs) thus giving guidance on the expected outcome of restoration
measur es. The focus is on two key drivers a
freshwaters:

i) recovery following reduction of pressures and remediation measures; and

i) climate change which will pose additional threats directly (e.g. temperature changes)
and indirectly through interactions with other drivers (e.g. land use change) and
stressors (e.g. nutrient enrichment). Within this context WISER aims to assess how
climate change may affect recovery trajectories by shifting baselines (or, more
accurately, targets), altering stress intensity and causing biogeographical changes.

WISER has built on the experience and results from several European projects
including STAR, REBECCA, THRESHOLDS and Euro-limpacs. Euro-limpacs
(Integrated Project to Evaluate the Impacts of Global Change on European Freshwater
Ecosystems) was concerned with the effects of climate change on aquatic ecoystems.
The main aim was to increase understanding of the direct and indirect effects of global
change and the implications of these management under the WFD and Habitats
Directive. Euro-limpacs highlighted some key issues concerning the implementation of
the WFD, in particular how the effects of future climate change should and could be
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accommodated within the current legislative framework. WISER considers how
changing baselines of ecological status, partly defined in Euro-limpacs, will affect
ecological status assessment and recovery processes. WISER also examines the
impacts of climate change on ecological thresholds currently being used to define the
class boundary between good and moderate status.

Although WISER is concerned with lakes, streams and transitional waters, this report
considers only lakes. It reviews outputs from Euro-limpacs with particular focus on the

effects of climate change on the ecological status of lakes and on the use and definition

of reference conditions, to provide the foundation for an assessment of how climate

change may affect recovery trajectories. It forms part of WISER Deliverable D5.2-5:
OReport on the effects of <climate change on
in | akeso.

1.1.2 Climate change and European lakes

It is likely that all lakes been impacted to some extent as a result of anthropogenic
activities. In lowland regions the main impact results directly from activities within the
catchment while In more remote areas the effects of atmospherically transported
pollutants have been more pronounced. Over the past 150 years the threats to
European lakes have included increased ultra-violet irradiation, acidification by sulphur
and nitrogen compounds, mobilisation of organic substances from soils, accelerated
catchment erosion and sedimentation rates, eutrophication by nitrogen and phosphorus
compounds, discharge of toxic substances and the introduction of alien species and
selective removal of others. In addition to these land use and pollution driven impacts
European lakes now face additional pressures from climate change, directly and
through interaction with these other stressors.

Climate affects freshwater ecosystems indirectly through socio-economic systems,
such as land-management as well as directly by temperature and precipitation.
Currently, in many cases, climate change is an additional stressor adding to the
impacts of human activity. In future, however, the effects of climate change are
expected to become more prominent, especially if the magnitude and rate of climate
change is at the higher end of the projected range (cf. European Environmental Agency
2008; Solomon et al. 2007). A temperature increase of about 0.2°C per decade is
projected for the next two decades for a range of emission scenarios.

For Europe the warming in northern regions is likely to be greatest in winter, while in
the Mediterranean region it is expected to be greatest in summer. Based on Regional
Climate  Model simulations run under the EU PRUDENCE project
(http://prudence.dmi.dk), interannual and daily temperature variability are likely to
increase in summer in most areas, while in winter, temperature variability will tend to be
reduced. The latter is the result of a feedback from projected reduced snow cover.

Annual precipitation is very likely to increase in most of northern Europe and to
decrease in the southern parts, while in central Europe the major change is projected to
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be in the seasonality of precipitation with a likely increase in winter precipitation and a
decrease in summer. Extremes of daily precipitation are likely to increase in the North.
In southern and Central Europe several models indicate fewer precipitation days and
longer dry spells.

Climate change can affect lakes physically through changes in temperature,
precipitation and wind patterns. The impact of these varies across Europe. Evidence
from long-term data-sets shows that many of the effects of changing climate are
already occurring (Battarbee et al., 2008) and include;

i) increasing surface water temperature particularly at high altitudes and latitudes, and
strengthening and lengthening of stratification in summer;

i) increasing hypolimnetic temperatures of large deep lakes, causing a reduction in
oxygen concentration in bottom waters, especially in summer;

iii) reductions in lake ice-cover increasing the length of the open-water growing season,
the duration and intensity of the autumn overturn and deep-water oxygen
concentration;

Such changes can be expected to have significant ecological consequences modifying
the physical and biogeochemical character of aquatic environments (as described
above) and through, for example, modification of species life-histories, changes to
species abundance, composition and distribution, changes to food-web structure, and
changes in the rates of species and community metabolism and in ecosystem
processes (see Table 1.1).

The observed and expected impacts differ strongly between ecosystem types and
regions. In cold regions of Europe (at northern latitudes and at high altitude) expected
changes include higher primary productivity in response to an increase in the length of
the growing season (because of shorter ice-cover) and to an increase in nutrient
release from catchment soils and population declines or loss of cold stenothermic
species such as arctic charr in response to increasing water temperature (Battarbee, et
al., 2009). In temperate and warm humid ecoregions key changes are likely to include
eutrophication following an increase in nutrient loading due erosion of agricultural soils,
more frequent overflows of sewage treatment systems and increased release rates of
phosphorus from sediments. Temperate regions will also see increased algal growth
including more frequent and intense blooms of cyanobacteria and phenological change
leading to possible mismatches of life-history patterns and complex impacts on
plankton communities, food-web structure and lake ecosystem functioning (Battarbee,
et al., 2009). For warm-arid ecoregions change in moisture balance is likely to be more
important than changes in temperature.

1.1.3Reference conditions and the Water Framework Directive

The Water Framework Directive requires surface waters to be restor ed t o fAgo
ecol ogi cal statuso by 2015. The Habitats Di
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biodiversity requiring member states to maintain or restore natural habitats (and listed
species) at a favourable conservation status. Neither directive is currently explicitly
formulated to allow for the potential effects of climate change, although both embrace
the principle of protecting ecosystems from deterioration. These Directives will need to
be amended to accommodate the likely effects of climate change on freshwater
ecosystems. The WFD emphasises a whole-basin approach and requires both the
determination and restoration of ecological quality rather than simply water quality. It is
underpinned by the concept of baseline conditions or reference systems, defined as
those unaltered or only negligibly altered by human activity. However, there are few, if
any such systems left in Europe. Therefore developing schemes to determine
ecological quality relative to baseline conditions is problematic. Nevertheless, tools for
determining the status of phytoplankton, aquatic plants, macroinvertebrates and fish
have been developed (UKTAG, 2007). However, climate change will inevitably
undermine these schemes as species become eliminated or migrate into previous
cooler habitats. As climate is now undergoing anthropogenically driven changes, the
establishment of reference pristine standards has become conceptually impossible

(Moss 2007, 2008). With égood ecol ogi cal

the high ecological status of the reference conditions, the way the reference state is
defined will be of critical importance. A major challenge is to relate observed changes
to climate as there have been many other changes to freshwater systems that have
occurred during the period of climate change. These other influences, principally from
land-use change and from pollution, are currently far stronger than climate change and
may mask its effect.

1.1.4Euro-limpacs

The key aim of Euro-limpacs was to further understanding of the potential effects of
climate change on freshwaters focusing both on the direct physical and hydrological
effects (i.e. changes in temperature and precipitation patterns) and on the interactions
between climate and other stressors. It also examined the implications for monitoring
and restoration and the definition of reference conditions under the Water Framework
Directive. The results of these studies were used in modelling projections and providing
the necessary guidance to inform management decisions.

The Key objectives of the Project included the following:

i) to improve understanding of how global change, especially climate change in its
interaction with other drivers has changed, is changing and will change the structure
and functioning of European freshwater ecosystems;

i) to encapsulate this understanding in the form of predictive, testable models;

iii) to identify key taxa, structures or processes (indicators of aquatic ecosystem health)
that clearly indicate impending or realised global change through their loss, occurrence
or behaviour;
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iv) to identify better approaches for the re-naturalisation of ecosystems and habitats in
the context of global change that will lead to the successful fulfilment of the Water
Framework Directive (WFD) in achieving good ecological status in freshwater habitats.

Euro-limpacs examined the effects of climate change on the ecology of lakes with
reference to;

i) The direct effects of climate change;

i) Climate change 1 hydrological/ land use interactions;
iii) Climate change 1 eutrophication interactions;

iv) Climate change 1 acidification interactions; and

v) Climate change 1 toxic substance interactions

This report will highlight output from the Project for each of these components
separately before reviewing the implications for the application of the reference
condition concept.

1.2 Direct effects of climate change on the status of lakes

Much of the work in Euro-limpacs concerned with the direct impacts of climate change
on European freshwaters focused on physical and chemical responses rather than
explicit impacts on ecological status. However, climate change impacts on physical and
chemical conditions will clearly have consequences for ecological status.

In Euro-limpacs it was recognised that climate change affects the hydrological,
physical, chemical and biological characteristics of all freshwaters, and is thus a key
influence on element cycling (nutrients, major ions, dissolved organic carbon (DOC),
organic pollutants, metals), food webs and biodiversity. One of the key questions in
Eurolimpacs was focused on the likely changes to ecosystem structure and functioning
that result from climate change that are independent of natural variability and the
impact of other stressors.

A combination of time-series analysis, whole-lake experiments, palaeolimnology and
modelling were used to assess natural lake ecosystem variability and sensitivity and
the likely responses of lakes to future climate change. A series of separate studies
examined;

(i) long-term direct climate change impacts on surface waters using long-term data
series for water temperature and ice cover in relation to diurnal, seasonal and decadal
trends in air temperature (Magnuson et al., 2000; Livingstone, 2003);

(il) palaeolimnological evidence for climate effects;

(iii) climatic sensitivity of different types of lakes and their response to extreme events;
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(iv) lake response to increased input of mixing energy using a whole-lake mixing
experiment in Finland to simulate the predicted increase in mean geostrophic winds in
northern Europe as a result of the northward shift of cyclone activity;

(v) integrated modelling of ecological thresholds at climatic extremes with a focus on
the ecological response of small and medium-size lakes to climate change in areas of
severe climate (i.e. in arctic-alpine and in semi-arid regions); and

(vi) the impact of climate change on deep and large lakes using coupled hydrophysical
and ecological modelling.

Physical changes associated with warming such as hypolimnetic warming in large lakes
(Dokulil et al., 2006) and decreasing ice cover (Magnuson et al., 2000) will
subsequently affect the ecology of lakes and the ecological consequences of these
impacts are already starting to be seen. These include changes in seasonality of
phytoplankton (Catalan et al., 2002), extended growing season and increases in lake
productivity (Blenckner et al.,2007), changes in the geographical range of taxa, e.g.
Odonota (Hickling et al., 2005), and deleterious effects on cold stenothermal taxa (e.g.
Griffiths, 2007).

1.2.1 Temperature

An increase in the temperature of lake hypolimnia can result in a greater risk of deep-
water anoxia. Analyses of long-term temperature profile data from lake Zurich,
Switzerland show how warming at al | dept hs
surface layers. This causes increases in thermal stability and a longer period of
summer stratification (Livingstone, 2003). The summer of 2003 was exceptionally hot in
central Europe and Lake Zurich experienced its highest recorded epilimnetic
temperatures. Hypolimnetic temperatures were slightly lower than average, resulting in
a highly stable water column. As a consequence hypolimnetic oxygen depletion
exceeded the long-term mean by more than seven standard deviations. If those
elevated temperatures were sustained over longer time periods (as predicted for the
late 21st century (Schér et al. 2004)), the potential ecological consequences include
the release of phosphorus from the sediments, possibly resulting in an increase in the
intensity of algal blooms thus confounding management and restoration efforts to
counter anthropogenic eutrophication.

The decoupling of trophic interactions is potentially one of the most severe
consequences of climate warming in lakes. The timing of phytoplankton blooms affects
competition within the plankton community as well as food-web interactions with
zooplankton and fish. In Euro-limpacs a model-based analysis of Upper Lake
Constance was conducted suggesting that, in a future warmer climate, the onset of the
spring phytoplankton bloom will occur earlier in the year than it does at present
(Peeters et al. (2007) due to the earlier occurrence of the transition from strong to weak
vertical mixing in spring and of therefore the earlier onset of stratification. This effect is
likely to be even stronger in lakes that freeze over during winter. According to model
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simulations, the shift in the timing of phytoplankton growth resulting from a consistently
warmer climate (represented by a systematic increase of 40C in air temperature) will be
of greater magnitude than that resulting from a single unusually warm year. Therefore,
analysis of the effects of long-term climate warming inferred from studies of inter-
annual fluctuations may underestimate the effect of warming on aquatic ecosystems. In
addition to the phenological changes in the growth of phytoplankton, climate warming is
predicted to induce a change in the growth of Daphnia populations (Scheffer et al.,
2001).

Following analyses of high altitude lakes across Europe, some common ecological
thresholds emerged, related to lake size, physical characteristics, trophic state, water
chemistry and fish occurrence. Two of these are of particular interest in terms of climate
change: epilimnetic summer temperature of 8-10 °C and ice-cover duration of 180-195
days. Lakes crossing these thresholds in response to climate change are more likely to
experience large changes in their biota, particularly chydorids and planktonic
crustaceans (Catalan et al, 2009).

1.2.2Ice cover

The seasonal ice-cover of lakes has significant ecological importance and is affected
by air temperature, wind, snow depth, heat content of the water body and rate and
temperature of potential inflows. As climate changes, and air temperatures, particularly
in the winter, tend to increase, there will be significant changes to lake ice-cover.

Time series of ice phenology data from lakes in Eurasia and North America indicate
later freezing and earlier melting of the seasonal ice cover. The average date of
freezing and break-up have both advanced by about 6 days per 100 years across the
Northern Hemisphere. An analysis of 54 Swedish lakes (Weyhenmeyer et al. 2005)
showed that these trends were dependent on latitude with trends towards earlier
melting substantially greater in warmer, southern Sweden than in the colder, northern
regions.

1.2.3Windspeed

Climate change scenarios predict increasing geostrophic winds by the end of the
century. Changes to prevailing wind patterns may alter the input of mixing energy to
lakes affecting overall heat balance and internal heat distribution. Increasing wind
speeds are expected to increase the input of mixing. In Euro-limpacs whole lake
manipulation experiments simulated increasing input of mixing energy and subsequent
impact on the stratification and heat balance of lakes in Finland (Saloranta et al., 2009)
and Norway (Lydersen et al. 2008). One consequence of the lowered thermocline was
a change in oxygen stratification during the summer. The manipulation also affected
nutrient levels (more so in the humic Finnish lake) and the phytoplankton communities
(Arvola et al. in prep). The biomass of diatoms and non-flagellated green algae
increased as well as the rate of change of the phytoplankton community in Finland. In
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Norway the manipulation resulted in large changes in thermal properties with a deeper
epilimnion, reduced stratification stability, autumn turnover occurring at high
temperature and ice-on being delayed by several weeks. There was relatively little
response in terms of the chemistry and biology. This may be due to the oligotrophic
nature of the lake. However, there were some indications of the beginnings of change -
planktonic chlorophytes and diatoms decreased, mixotrophic dinoflagellates increased
and periphyton biomass increased.

1.2.4Long-term climate variability

The variability in climate and in diatom assemblages over a 1,000-year period was
investigated in Lake Kassjon in northern Sweden. Tree-ring inferred temperature data
enabled the varved-sediment sequence in the lake to be analysed with respect to
known temperature fluctuations between 500 Yrs BP to 500 Yrs AD, a period which is
pre-cultural in this region. Results suggested that climatic variability was greater in the
early part of the record during, and immediately after a short-lived cool period around
300 BC. This is reflected in the diatom data with a shift is species composition
contemporaneous with the prolonged cooling event between 200 and 25 BC, with
generally stable conditions either side of this event. Superimposed on this overall trend
were rapid shifts in species composition which appeared to follow a regular 25-year
cycle. Results have shown that substantial observed shifts in species abundances and
diatom community composition are related to enhanced climatic variability. Altered
species composition, notably increases in planktonic diatoms indicative of nutrient
enrichment and higher DOC concentration, was associated with warmer temperatures
and suggests altered catchment processes (e.g. generation of DOM within soils), i.e.
indirect climate forcing. Significant direct climate effects were observed in the littoral
zone (inferred from changes in benthic diatom composition) during short-term cold
periods (Simpson & Anderson, 2009).

1.3 Interactions with hydromorphology

In Euro-limpacs studies of interactions between climate and hydromorphological / land
use changes focused mainly on river ecosystems. For lakes, data from impoundments
and oxbow lakes and existing sediment accumulation rate data from lakes across
Europe were analysed to evaluate the role of climate and land-use change on lake
sediment accumulation rates. The key research questions addressed were:

A How will the changing quantity and temporal variation of sediment load and
discharge of tributaries influence large lakes including processes related to the
accumulation of sediments in river deltas, water level fluctuations, aeriation of
deep water bodies and suspended matter intrusion in the pelagial and profundal
regions of lakes?
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A What is the role of climate and land-use change on lake sediment accumulation
rates based on analyses of existing records and additional sediment cores taken
within Eurolimpacs?

A What lake types are most susceptible to changes in sediment accumulation rate
and, in particular, how susceptible are shallow lakes?

These studies did not directly address the consequences of changes on sediment
accumulation rate or increases in suspended matter on ecological status.

1.3.1Long-term water quality model investigations on deep lakes

Data on a number of hydrological and morphological parameters tributaries feeding into
Loch Lomond (Scotland) and the Alpenrhein (Bodensee) were collected and analysed
using the INCA model. Comparisons between measured sediment accumulation rates
and computed river loads were undertaken. The two major lake tributaries investigated
showed very different responses to simulated climate change. At the River Endrick,
flowing into Loch Lomond the response is a two-fold increase in discharge and
substantially higher transport of suspended matter into the loch. Predicted risk of
flooding is almost three times that of today. The model runs on the Alpenrhein show
changes in discharge patterns with stronger fluctuations and more peak discharges
during winter. Aeration of the deep water in Bodensee will occur less frequently than
currently observed. Due to higher temperatures in the inflowing river water the very fine
suspended material will remain near the surface more frequently in both lakes in future.

1.3.2 Sediment Accumulation rates i the role of land use and climate change

Sediment accumulation rate (SAR) affects all aspects of lake ecosystem functioning.
Influx of sediment to a lake reduces water depth resulting in changes to lake
morphology, alteration of light regime, changes to physical and chemical stratification
and increased resuspension and focussing. Indirect effects include impacts on plant
distribution and growth and the alteration of biogeochemical dynamics (Punning et al
2006). If sediment deposition in shallow waters exceeds transportation downslope then
sediments will accumulate in shallower zones and be permanently deposited in littoral
areas (Engstrom and Swain 1986) allowing more macrophyte colonisation. Increased
sediment in these areas also increases sediment resuspension which will have impacts
on habitats and growth patterns of aquatic plants and the fauna dependent upon these.
Fine sediment input, when delivered at elevated rates, is now recognised as a pollutant
in its own right (Hatfield and Maher, 2008).

A widespread trend towards increasing SAR in many lakes over the last 100 i 150
years has been observed (e.g. Guilizzoni et al. 2001; Dearing and Jones 2003; Rose et
al, 2011) primarily due to land-use practices, particularly in lowland lakes. Increases in
SAR have also been observed at higher altitudes where catchment activities are limited
and hence the causes more uncertain (Rose et al. 2011). While climate change may
have a major impact on land-use in the future, at therefore SAR in lowland lakes, at
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upland lakes climate may play a more direct role. Temperature increases may result in
greater productivity and therefore more autochthonous sediment production while
elevated rainfall and increased frequency of extreme events (both summer droughts
and winter storms) may increase erosion in catchments leading to elevated
allochthonous sediment inputs. Future impacts will depend on solil type, vegetation and
land-use but upland peats are already known to be experiencing increased levels of
erosion (Coupar et al 1997) and this could be further exacerbated by continuing
climatic changes.

In Euro-limpacs, sediment accumulation rate database was compiled (from over 250).
Sites in the database were classified into classes using lake typology data. Temporal
changes (rates, scales) in SAR for all lake types were identified in order to assess the
types most 0at ri sko. An assessment of
accumulation rates was considered and reference SARs identified for some lake types.
Factors driving contemporary bulk SAR and SAR change since 1850 in selected lake
types was undertaken in order to assess likely impacts of future climate change. Most

sedi ment cores in the SAR database showed

19th century) rates. Little change in SAR occurred prior to 1900 and most increases
occurred in more recent periods (1950 1 1975 and post-1975). This indicates a general
acceleration in SAR in European lakes during the second half of the twentieth century.
Lowland lakes, especially large ones, are generally the most susceptible to SAR
increases. It is considered that climate change may play a progressively more
important role in driving SAR in the future (Rose et al., 2011).

1.4 Interactions with eutrophication

The eutrophication of inland waters is now probably the most widespread problem in
freshwater ecosystems and the most obvious symptoms appear in lakes. In Euro-
limpacs, the key hypothesis was that increased temperature will interact with continued
high nutrient loading to increase the severity of eutrophication symptoms. The
consequences of increases in temperature on nutrient cycling include: (i) changes in
the growth and respiration of organisms, (i) enhanced oxygen consumption and
increased nutrient release from sediments; (iii) life-history impacts such as shorter
lifespan and earlier reproduction; and (iv) changes in phenology and trophic dynamics
which potentially may result in a mismatches between consumer demand and prey
availability. These temperature-induced changes are likely to interact strongly with
existing increased nutrient flows and create new problems for freshwater biota, or
exacerbate existing ones (Blenckner et al. 2006; Mooij et al. 2005, Jeppesen et al.
2007, 2009).

Euro-limpacs used several approaches to examine climate-nutrient interactions,
including space-for-time comparisons, field and mesocosm experiments,
palaeolimnology and modelling. The key questions addressed were:
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A Do nutrients structure ecosystems in different ways under current and
anticipated future climatic conditions?

A How might changing climate interact with increased nutrient supply to alter
ecosystem processes?

A Will changing climate aggravate eutrophication symptoms?

A Can the effects of climate change be distinguished from those of eutrophication?

A Are there lessons to be learnt from the past to understand future problems
better?

A Can we mitigate negative effects of climate change on ecosystems in terms of

enhanced eutrophication?

1.4.1 Spatial surveys

Euro-limpacs assessed the effects of a warming climate on the symptoms of
eutrophication using field experiments in Uruguay and Denmark and mesocosm tanks
in Europe (see below). These were designed to address whether warming may result in
(i) significant fish impacts littoral trophic structure; (ii) truncation of trophic cascades;
and (iii) deleterious effects on the role of submerged plants in maintaining clear water.
Differences between the structure of communities associated with plant beds in lakes in
Uruguay and Denmark supported the first two hypotheses (Meerhoff et al, 2007a, b).
The littoral food-web was more complex and less hierarchically structured in subtropical
lakes and fish communities exhibited higher diversity, greater density and biomass, less
piscivory and widespread omnivory, smaller individual size and stronger association
with the submerged plants than in the temperate lakes. Fish communities in the warm
lakes were dominated by omnivorous cyprinodontids, whereas somewhat larger
cyprinids and percids dominated in the temperate lakes.

The temperate lakes had higher taxon richness and significantly greater densities of
plant-associated macroinvertebrates with higher densities of predators, grazers, and
collectors. Cladoceran species richness, density and body size were also significantly
higher in the temperate lakes. It has been argued that macrophyte growth will be
stimulated by climate warming (Scheffer et al. 2001) but these and other analyses
indicate a lower probability of macrophyte dominance in warm lakes (Kosten et al.,
2009). Additionally, higher dominance of benthivorous fish foraging in the sediment
may enhance internal nutrient loading following increases in lake temperature. This in
turn may accelerate eutrophication and lead to higher and prolonged dominance of
cyanobacteria which are highly sensitive to increases in temperature.

In a future warmer European climate, assuming species will migrate northwards, major
changes in trophic structure and ecological status are to be expected (Jeppesen et al.
2007). These changes are likely to include higher dominance of zooplanktivorous and
omnivorous fish. Enhanced predation on zooplankton has also been observed in
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warmer lakes with a decrease in the average size of cladocerans and copepods with
increasing temperature (Jeppesen et al. 2009). With smaller zooplankton species,
grazing on phytoplankton is likely to decline. Comparative experimental studies provide
further evidence of reduced grazer control in warm lakes in comparison with similar
temperate lakes (Meerhoff et al. 2007a; 2007b).

The size structure of fish populations also changes latitudinally, with greater
proportions of small fish in warm lakes. Higher-latitude fish species are often larger and
grow more slowly, mature later and have longer life-spans. Traits can vary even within
species along these gradients (Blanck & Lamouroux 2007).

One of the key questions in Euro-limpacs was whether nutrients structure ecosystems
in different ways under current and anticipated future climatic conditions? There is a
clear change in trophic structure in lakes along the climate gradient from simple, often
elongated food-webs in cold climates to truncated webs in warmer systems with a
higher degree of omnivory. With increasing temperature, European lakes are likely
witness significant impacts on phytoplankton, zooplankton and macrophyte populations
with implications for ecological status and biological assessments, particularly where
there are barriers to migration. There will certainly be a deviation from notional
reference conditions.

1.4.2 Mesocosm studies

Experimental warming of mesocosm tanks in the UK suggest that warming exacerbates
symptoms of eutrophication (Feuchtmayr et al., 2009; Moran et al. 2009). While a
temperature increase of 3°C combined with low nutrient loading results in a limited
response, with a 4°C rise and nutrient loadings matching those in many European
lowlands at present the effects include increased phosphorus loading from the
sediments, deoxygenation, reduced fish biomass, reduced plant diversity and species
richness, an increase in warm-water exotics, and predominance of free-floating plants.
However, one of the perceived symptoms of advanced eutrophication, the
disappearance of submerged plants did not occur. The consequences of
warming/deoxygenation for fish are severe, except for sticklebacks which are resilient
and more tolerant of reduced oxygen concentrations than most other European
species. In the UK, only tench (Tinca tinca), crucian carp (Carassius carassius), and
the common carp (Cyprinus carpio) are more tolerant. Analysis of the oxygen balance
of the mesocosm tanks suggested that respiration rates increased markedly following
warming compared with photosynthetic rates. The effect also occurred in response to
nutrient loading and could imply a positive feedback of warming on carbon dioxide
release (Moss, 2009).

The mesocosm experiments were concerned with the effect of climate change on turbid
phytoplankton-dominated lake ecosystems, a key issue for restoration. The assumption
that warming would exacerbate the switch from plant-dominated to turbid systems was
not supported by the experimental results. Although warming increased many
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symptoms of eutrophication in both the Danish and UK experiments, it sometimes had
no effects and occasionally reduced them. The nature of the responses varied widely.
Indeed in the current UK experiment, heating has favoured plants, and despite high
nutrient loads has not led to turbid conditions. The starting conditions, intrinsic chaotic
dynamics and interactions of nutrient loading and temperature increase make precise
predictions of the future difficult.

1.4.3 Palaeolimnological, statistical and process-based modelling to disentangle climate
and nutrient signals

In Euro-limpacs several complimentary approaches were used in an attempt to
disentangle the effects of nutrient enrichment and climate change, and assess
interactions between the two. These included statistical analysis of long-term
monitoring data (e.g. Ferguson et al. 2008), process-based modelling of sites where
historical catchment and lake data are available (e.g. Elliott & May 2008) and
palaeolimnological reconstruction from remains of biota preserved in lake sediments
(e.g. Manca et al. 2007). There was evidence of ecological responses to changes in
both nutrient levels and climate at a number of case study lakes.

Lago Maggiore, Italy

In most cases the eutrophication signal tends to dominate any climate signal. However,
in Lago Maggiore (northern ltaly), there is evidence of increased temporal variation in
zooplankton communities following extreme meteorological events and changes in fish
predation may represent a response to increased temperatures (Manca et al. 2007).
Studies of subfossil cladoceran data, long-term contemporary data series and historical
information suggest the lake went through a eutrophication phase until from 1940s to
1980 followed by oligotrophication, which has recently been partly counteracted by
increased warming. Meteorological events detected in the sediment also provided
evidence that eutrophication tends to override climate signals. The study showed that a
combined palaeo-neolimnological approach can be a powerful tool for elucidating past
changes in the trophic dynamics of lakes and the interaction with climate induced
changes, not least when high resolution sediment records are available.

Loch Leven, UK

A combination of methods was applied to Loch Leven, the largest shallow lake in Great
Britain, where significant changes in both the climate and nutrient availability have been
recorded (Carvalho & Kirika 2003). A period of eutrophication and subsequent recovery
coincides with a period when there has been a measurable impact of climate change
on the lake. Winter ice cover has reduced spatially and temporally, spring air
temperatures and winter rainfall has significantly increased (Ferguson et al. 2008). The
reductions in nutrient loading have led to significant decreasing trends of soluble
reactive phosphorus concentrations. Winter nitrate concentrations have however,
decreased, probably due partly to the significantly increased winter rainfall. Chlorophyll
a concentration has decreased in spring but increased during the rest of the year

Page 26/158



WI S E R Deliverable D5.2-3: Report on effects of global change on lakes

(Ferguson et al. 2009). Daphnia numbers have also increased in winter and spring
(Ferguson et al. 2007; 2009). The negative relationship between chlorophyll and water
temperature at Loch Leven in spring suggests an indirect response to higher spring
temperatures, probably related to greater zooplankton production and grazing.

The phytoplankton community model PROTECH (Phytoplankton RespOnses To
Environmental Change; Reynolds et al. 2001) was used to investigate the impacts of
changing water temperature and nutrient loading on the phytoplankton in Loch Leven
(Elliott & May 2008). Change in water temperature had relatively little effect on biomass
and species diversity compared to changes in nutrient loading. Phytoplankton response
varied according to the way in which nutrient loading changed. While increasing P
alone resulted in a large increase in total chlorophyll a concentration and in Anabaena
(Cyanobacteria) abundance, simultaneously increasing loads of phosphate and nitrate
resulted in higher Anabaena densities at lower nutrient concentrations. It is suggested
that Anabaena, which is a nitrogen-fixer, is able to exploit the available P better than
other phytoplankton species when nitrogen levels are low.

The palaeolimnological study at Loch Leven (Bennion et al., 2011) related the
sedimentary diatom record to nutrient and climate pressures using information from
long-term data sets of water quality, climate and planktonic diatoms. The core data
indicate an enrichment from c. 18001 1850, probably due to agriculture in the
catchment, with a more marked phase since c. 19401 1950. This was caused by
increased phosphorus inputs from sewage treatment works, land drainage and a
woollen mill. While the recent diatom plankton remains are dominated by taxa
associated with nutrient-rich conditions, compositional shifts since the mid-1980s
suggest that reductions in nutrients from catchment sources may have resulted in
partial recovery. This agrees well with long-term monitoring water chemistry and
phytoplankton data. On a decadal-centennial scale, the eutrophication signal in the
sediment record eclipses any evidence of climate as a control on the diatom
community. At an inter-annual scale however, there are several changes in species
composition in the recent fossil record that may be attributed to climatic controls. The
study highlights the value of a palaeolimnological approach, particularly when coupled
with long-term data sets, for developing understanding of environmental change at a
range of temporal scales.

The Loch Leven analyses show that the lake has been slow to recover from
eutrophication and that temperature has had both positive and negative effects on the
plankton community. The study highlights the complexity of lake responses to changes
in nutrient regimes and climate and, despite advances in analytical methods, the
difficulty of unravelling their effects.

Piburger See, Austria

Euro-limpacs examined palaeolimnological and contemporary limnological data from
Piburger See (Eastern Alps, Austria) to reconstruct trophic conditions since the late
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19th century and assess changes in phytoplankton biomass and species composition
in relation to environmental changes over this period (Thies et al., 2011). The
sedimentary pigment and diatom record revealed moderate eutrophication during the
20th century, followed by a slow re-oligotrophication since the mid-1980s following lake
restoration. Additionally epilimnetic temperature for Piburger See was reconstructed
using air temperature records. A pronounced increase during the mid-1940s and since
the late-20th century promoted both algal growth and changes in species composition.
Climate scenarios predict substantial warming for this region by the end of the 21st
century particularly during the growing season. The predicted change in lake water
temperature and thermal dynamics represents a key driver of change for the trophic
and ecological status of Piburger See in the future (Thies et al., 2011).

Esthwaite Water, UK

In  Euro-limpacs a long-term monitoring programme on phytoplankton and
physicochemical characteristics of Esthwaite Water (since 1945) was used to assess
the effects of climate and nutrients on a lake ecosystem (Dong et al., 2011). The lake
experienced nutrient enrichment from the early 1970s, mainly as a result of inputs from
a local sewage treatment plant. Air temperature and rainfall are highly variable with
increasing trends after 1975. Diatom analyses showed that fossil diatoms exhibited
distinct compositional change in response to the nutrient enrichment. Multivariate
statistical analyses showed that winter soluble reactive phosphorus (SRP) was the
most important factor controlling the diatom assemblages for the whole monitoring
period. Air temperature had little effect on the diatom assemblages when nutrient levels
were low prior to 1975. As nutrient concentrations increased during the eutrophication
phase climate became more important in regulating the diatom community, although
SRP was still the major controlling factor. The relative importance of climate and
nutrients varies according to timescale with climate contributing little to diatom
dynamics at an annual or decadal scale.

Euro-limpacs set out to answer a series of questions about the combined effects of
warming and eutrophication using a range of approaches and techniques. The results
obtained in Euro-limpacs gave partial answers to these questions.

1 Do nutrients structure ecosystems in different ways under current and
anticipated future climatic conditions?

This question was addressed using comparative studies of warm and temperate
systems. There are clear changes in trophic structure in lakes along this climate
gradient from simple, elongated food-webs in temperate systems to truncated webs in
warmer lakes. The effect of increasing nutrients also differs between climate regions. In
temperate lakes shifts often occur from high proportions of piscivorous fish, few and
large plankti-benthivorous fish, high abundance of zooplankton and clear water often
with macrophytes, to a turbid state with dominance of small plankti-benthivorous fish
and phytoplankton. In warmer areas, lakes subject to both low and high nutrient loading
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are often dominated by numerous small omnivorous fish that exert a high predation
pressure on zooplankton. These systems can have clear water when nutrient loading is
low but are extremely vulnerable to increases in nutrient levels because the top-down
effect of zooplankton is weaker than in temperate lakes due to the higher predation on
zooplankton by fish.

1 Will changing climate interact with increased nutrient supply to alter
ecosystem processes?

There is evidence that some processes (e.g. deoxygenation, decomposition and
denitrification) are influenced both by nutrients and warming. However, the interaction
between these is complex and variable, and there are discrepancies about how the
various system components and the systems as a whole are affected. Generally there
is likely to be: (i) higher internal loading of phosphorus in response to higher
temperatures, more prolonged stratification in deep lakes, increased sedimentation
rates as phytoplankton becomes more abundant and grazing by zooplankton is
reduced; (ii) possible loss of submerged macrophytes and a shift from benthic to
pelagic dominated systems and a reduction in biodiversity in shallow lakes; (iii) higher
nutrient and carbon turnover and higher productivity, though perhaps unchanged or
reduced net ecosystem production.

There is also evidence that nitrogen, which is viewed as equally as important as
phosphorus in freshwater systems (Elser et al. 2007), may have counterintuitive effects,
for example by inhibiting decomposition, but in some cases interacting with
temperature to change the structure of aquatic plant communities in ways that will give
more problems, such as increases in nuisance free-floating plants. Other evidence
points to temperature driven rapid expansion in exotic species of plants and fish, such
as carp which thrive as more sensitive fish struggle to survive.

Will changing climate aggravate eutrophication symptoms?

The space-for-time studies and controlled experiments in ponds and lakes suggest that
climate warming will exacerbate symptoms of eutrophication. However, the effects will
be complex and will vary depending on initial conditions and location. Shifts in trophic
structure with warming result in greater risk of eutrophication symptoms, such as algal
blooms, and higher risk of cyanobacterial dominance in larger lakes and filamentous
algae in shallow lakes and streams. However, no evidence to date suggests that
macrophyte-dominated clear-water lakes will shift to a turbid state. Other factors such
as increased salinity, raised water levels, changes in fish communities, mechanical
damage or damage by vertebrate grazers or toxins to invertebrate grazers or the plants
themselves will generally be involved.
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1 Can we mitigate negative effects of climate change on ecosystems in terms of
enhanced eutrophication?

There is considerable scope for combating eutrophication symptoms aggravated by
global warming, in particular by taking measures to reduce external nutrient loading to
freshwaters beyond those already implemented or planned. Such measures could
include: (i) less intensive land use in catchments with sensitive freshwaters to reduce
diffuse nutrient inputs; (ii) re-establishment of riparian vegetation to buffer nutrient
transfers to streams and rivers and improve in-channel structures to increase retention
of organic matter and nutrients; (iii) improved land management to reduce sediment
and nutrient export from catchments; (iv) improved design of sewage works to cope
with the consequences of flood events and low flows in receiving waters; and (v) more
effective reduction of nutrient loading from point sources and, for N, from the
atmosphere.

1.4.4 Conclusion

Generally it is apparent that warming will exacerbate many, though not necessarily all,
symptoms of eutrophication. Three key problems in answering the questions posed
here emerge from the numerous studies undertaken in Euro-limpacs and elsewhere.
Firstly, responses are complex and varied depending on the specific context. As a
result there is a great deal of uncertainty about which particular measures should be
taken in particular situations. A precautionary approach is recommended. Secondly,
evidence hints at biological feedback mechanisms that may result in increased
respiratory production of carbon dioxide and possibly nitrous oxide (N,O), and methane
(CHy4). This might mean that the physical models that underpinning climate change
predictions made by the IPCC (2007) are severe underestimates. Finally, with
increasing world population, pressure to grow more food in tandem with the expansion
of crops for biofuel will probably lead to further increased nutrient inputs and an
intensification of eutrophication problems in receiving freshwaters.

1.5 Interactions with acidification

Ecological damage resulting from acidification has included loss of salmon and trout
populations and changes in the species composition of invertebrate, aquatic
macrophyte and algal communities over large regions of Europe and eastern North
America. Following dramatic reductions in S deposition in both Europe and North
America surface waters showed the first signs of recovery in response to lower levels of
acid deposition in the 1990s. Impacted lakes and streams are becoming less toxic for
fish and other aquatic organisms (Monteith et al. 2005), but there is still a long way to
go before recovery is complete.

However, there is evidence that climate change can affect the chemical and biological
recovery of freshwaters from acidification. Long-term, seasonal and episodic changes
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in climate all potentially affect a variety of processes in catchments and surface water
bodies. Warming may increase mineralization rates in soil organic matter releasing
nutrients such as nitrogen currently stored in the catchment. These can subsequently
reach the surface waters in runoff. The most biologically damaging acidification effects
often occur during acidic episodes. These typically coincide with meteorological
extremes, such as droughts (Dillon et al. 1997), storm events (Hindar et al. 1994) or
snowmelt. Episodic acidification is more likely to affect streams than lakes which exhibit
greater buffering capacity at this temporal scale. Future climate conditions in Europe
are predicted to be generally warmer, wetter in the north but drier in the south, and
stormier in all areas with more frequent extremes.

The priority for Euro-limpacs was to understand chemical responses of acid waters to
climate change and then predict probable biological and ecological response. The
focus was on how climate change might delay recovery of aquatic ecosystems
damaged by acidification. Survey data from acid-impacted areas of Europe and eastern
North America were used together with long-term datasets (30+ years) to link variations
in acid deposition and climate on water chemistry and biology. The main objective was
to determine the effects of long-term, seasonal and episodic climate change on the
recovery of acidified freshwaters.

1.5.1 Effects on aquatic biota

Sensitive aquatic biota are vulnerable as surface waters become toxic due to elevated
concentrations of inorganic Al and H*. Climate change can affect the concentrations of
these toxic chemical components. Climate change can also have direct effects on
aquatic biota. For example, salmon migration is dependent on water temperature and
discharge. Euro-limpacs focused on the relationships between climate change and
chemical recovery as this is still an area of considerable uncertainty. There were a
number of studies examining the ecological aspects of this relationship. Hardekopf et
al. (2008) found that in a warmer climate, the recovery of benthic invertebrates streams
will be hampered by continued release of sulphate (and acid) from the soil. The effects
of drought on benthic invertebrates were also investigated (Gilbert et al. 2008). Drought
acts as a disturbance mechanism that simplifying benthic communities and, reducing
biodiversity. The studies of acid episodes under future scenarios of climate change and
acid deposition point to increased frequency and severity. Kroglund et al. (2008)
indicate that this will lead to poorer conditions for populations of salmon. A similar
conclusion was reached by Kowalik et al. (2007) with respect to invertebrates in British
streams. However, these studies did not include an assessment of lake ecosystems.

As temperatures increase, lakes in high latitudes or at high altitudes may cross a
threshold at which they are no longer is ice-covered in the winter. These systems will
then be subject to circulation rather than thermal stratification. In acidified lakes could
lead to acid snowmelt in the spring mixing with the entire lake rather than be restricted
to a 1-m thin layer beneath the ice. There is evidence that such acidic layers may be
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the limiting factor with respect to recruitment of lake-spawning fish species, such as
lake trout in Canada (Gunn & Keller 1984) and brown trout in Norway (Barlaup et al.
1998).

Climate change is a confounding factor in that it can exacerbate or ameliorate the rate
and degree of acidification and recovery, chemical as well as biological. The lack of
recovery following deposition reductions may be the result of the confounding influence
of climatic variations. Extreme climatic events, such as droughts, cause extreme
responses that can offset biological recovery process, and slow down progress towards
a stable ecosystem. Management efforts to restore ecological status at acidified sites
need to take such interactions into consideration.

1.6 Interactions with trace metals and persistent organic pollutants

Persistent organic pollutants (POPs) and some trace metals (e.g. mercury, cadmium
and lead), are released into the atmosphere by a range of urban, industrial and
agricultural processes. Once emitted these pollutants are dispersed widely. Once they
reach surface water bodies (directly deposited or via catchment runoff) they can enter
the food web where they bioaccumulate and become toxic to aquatic and terrestrial
organisms. Although many toxic substances are now banned or restricted, many
persist, particularly in soils and sediments where they have accumulated over time.
These Ol egacyd pol | ut-mobilised andaakenepby aquaticablothy b e
(Catalan et al., 2004; Vives et al., 2005). High concentrations of metals and POPSs in
the tissue of fish in arctic and alpine lakes (Grimalt et al., 2001; Vives et al., 2004) are
evidence of their mobility in the atmosphere and their concentration in cold regions
(Fernandez and Grimalt, 2003). The potential consequences of climate change on
these factors and therefore on water quality and biota were examined in Euro-limpacs.
The central hypothesis was that future climate change will influence the distribution
patterns and mobility of organic pollutants and toxic metals (lead, cadmium, mercury) in
freshwater systems and lead to changes in the uptake and accumulation of these
substances in freshwater food chains.

1.6.1Increases in temperature

Temperature influences most of the physicochemical properties and processes that
determine the environmental behaviour of chemical compounds. Variations in
temperature can thus affect the dynamics, transport and fate (bioaccumulation,
bioavailability, biodegradation, and above all, environmental persistence and
incorporation into trophic chains) of contaminants in the environment, particularly in the
aquatic environment. The process of accumulation via condensation affects remote and
high mountain regions (Grimalt et al. 2001; Vives et al. 2004). In other words, the
industrialized countries have not only exported part of their pollution abroad, they have
also transferred part of it to what were previously the best preserved areas of the
industrialized world.
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Previous studies indicate that the most contaminated lakes are those which are furthest
from pollution sources (i.e. cities and factories). This my appear counterintuitive.
However, what is observed is a net transfer of pollutants to remote ecosystems due to
a process of evaporation (i.e. dilution) and subsequent condensation (i.e.
concentration). Hence, the effects of POPs on ecosystems are not diluted; they simply
move from one location (warm) to another (cold). This also applies to compounds with
very different applications such as DDE and PCBs.

Research on mountain lake food-webs provides further clues on the physical-chemical
processes leading to the accumulation of these compounds in organisms.
Organochlorine (OC) composition in water, chironomids, terrestrial insects,
cladocerans, molluscs, cyanobacteria and fish (brown trout) has been investigated in
Lake Redon (Pyrenees). Evidence suggests that the distribution of these compounds
does not reach equilibrium within the life span of the food web organisms (ca. 1 year).

Once these compounds are introduced into the environment, temperature becomes a
determining factor in their distribution. Increases in temperature have been particularly
pronounced in high latitudes and mountain regions and these can be expected to have
resulted in a redistribution of contaminants accumulated in these areas. High-mountain
zones are inherently important, representing the most remote ecosystems in Europe.
Lakes in these regions provide highly important water resources for human use,
constituting the headwaters of river systems. Ensuring low levels of water
contamination is a prerequisite for maintaining the ecological status of these systems.

Accumulations of these compounds have resulted in toxic effects on the organisms
living in remote sites (Grimalt et al., 2010). Euro-limpacs highlighted evidence of
exposure to PCBs among brown trout in European mountain lakes (Grimalt et al.,
2010). This suggests that POP redistribution as predicted by global warming
projections may have significant effects on the physiology of the exposed fish
populations even at remote sites.

1.6.2Mercury

While mercury is similar in many respects to the organic compounds discussed above
(e.g. semi volatility, persistence, toxicity) it differs in the importance of the different
forms of mercury existing in the environment. In air, elemental mercury vapour is
predominant while oxidised divalent compounds are the most common in water, soils
and sediments. Generally, methylmercury accounts for a very small fraction but as this
species is highly toxic and prone to bioaccumulation, it is the most important from
environmental and health perspectives.

Increased temperatures will alter mercury cycling because the rates of transformation
between chemical species (e.g. oxidation, reduction, methylation) and the rates of
transport between compartments (e.g. exchange between air and surfaces or water
and sediments) are temperature dependant. Very little is known about the overall
impacts of temperature on mercury cycling. Increased oxidation rates of atmospheric
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mercury may occur, which would result in increased deposition. However, this may be
counterbalanced by increased volatilization of elemental mercury from land and water.
Increased temperatures may lead to increased rates of methylation of inorganic
mercury but again, the rate of demethylation may also be enhanced. Increased
temperatures at high latitudes where cold conditions currently inhibit methylation and
mercury mobility may be of particular concern.

1.6.3 The effects of temperature

The IPCC (2007) predicts that precipitation will increase in northern Europe and
decrease in the Mediterranean zones by 10 to 20% due to climatic change. These
changes, together with increases in the frequency of extreme events will influence the
transport and distribution of pollutants as well as their impact on aquatic environments.

Future decreases in precipitation would probably reduce deposition of volatile OCs
such as HCH, HCB and congeners of PCBs, DDEs and DDTs. Remobilization of
accumulated pollutants will be a problem with increased rainfall or more frequent
extreme precipitation events, particularly where increased temperature results in the
disappearance of permanent snow in the mountains. Erosion in the catchments will be
greater and POPs and metals will be more easily mobilized from the soil. Re-
mobilization of metals as a result of increased soil erosion has been invoked to explain
the continued high concentrations of Hg and Pb in Scottish lake sediments (Yang et al.
2002). Studies in Scotland concludes that catchment soil erosion is the main
mechanism for transfer of trace metals to the lake water, while leaching may play an
additional minor role. Consequently, any climate changes which may exacerbate soil
erosion will increase metal inputs to lakes negating the effects of emissions reductions
(Rose et al., in press).

In the boreal forests of northern Europe, climate change may lead to increased
methylmercury concentration in fish. Many lakes in Scandinavia already have mercury
levels in fish exceeding health guidelines making them unsuitable for human
consumption. Climate models predict increases of winter precipitation in these regions
which may lead to higher groundwater levels and more water flowing through organic-
rich soil horizons where a large fraction of the soil-bound mercury is accumulated,
potentially causing direct mobilization of mercury and methylmercury.

In Euro-limpacs, manipulation of precipitation and hydrology at Gardsjon, an
experimental lake site in south-west Sweden, has shown increases in both total
mercury and methylmercury in run-off water. The transport of total mercury was found
to be proportional to the increases in run-off amounts whereas the relative increase in
methylmercury was larger than the relative increase in water transport. Increased soil
wetness therefore enhanced methylmercury formation. The results of these
experiments are consistent with the future scenarios indicating that changing climate
may lead to increased loadings of methylmercury to aquatic ecosystems in areas where
increased precipitation is expected.
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The impacts of volatile heavy metals and POPs are much more difficult to decipher
than those of habitat change, acidification or eutrophication. Their effects on biology
are largely unknown and difficult to trace, because they are generally sub-lethal. The
Water Framework Directive requires that all inland and coastal waters within defined
river basin districts should reach good status by 2015 through the establishment of
environmental objectives and ecological targets for surface waters. More recently a
6daughter dir ect ting grdundevdtemias beentadopted andea durther
daughter directive has been proposed which seeks to reduce pollution of surface water
(rivers, lakes, estuaries and coastal waters) by pollutants on a list of priority substances
which pose a threat to or via the aquatic environment. Therefore there is an urgent
need to gain an insight into the main processes reducing water quality and ecosystem
health in these headwater catchments, to identify which processes associated with
toxic compounds are the most deleterious and to better understand the mechanisms of
transport and accumulation within, and between, the atmosphere, catchment soils,
lakes and biota. This knowledge is essential for the effective implementation of
adequate prevention, mitigation and remediation strategies.

1.7 Summary of potential threats to ecological status from climate change and
indicators to monitor these

Euro-limpacs considered the many complex cause-effect chains that will be driven by
climate change. These will be directly and/or indirectly influenced by temperature and
precipitation and will be linked by numerous interacting environmental parameters. The
biological response, at species level, will be less predictable than the response of water
chemistry or hydrology. However, biotic parameters such as species richness,
community composition or functional diversity can integrate the complex responses of
freshwater ecosystems to a variety of stressors including climate change. Under the
Water Framework Directive monitoring programmes are mainly designed to detect the
effects of previously dominant stressors such as eutrophication, organic pollution,
acidification or hydromorphological degradation. Climate change is not specifically
incorporated in the Water Framework Directive, although as Euro-limpacs has
indicated, climate impacts on European freshwaters are likely to become more
pronounced in future. Euro-limpacs was tasked with identifying a series of indicators for
the effects of climate change on freshwater ecosystems. Indicator here is defined as a
simply detectable signal of ecosystem change. Indicators are reflections of complex
chemical, hydrological, morphological, biological or functional parameters, or
processes, influenced by climate change and which are relatively simple to monitor.

Under the Water Framework Directive emphasis is placed on biological indicators to
assess ecological status and a number of organism groups (phytoplankton,
macrophytes, benthic invertebrates and fish) are monitored for this purpose. As noted
previously, the impact of climate change has not been considered specifically in the
Water Framework Directive, yet almost all indices used to monitor ecological status will
be affected by climate change. In future, climate change impacts will be among the
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most important pressures, on freshwater ecosystems particularly in marginal regions
such as those at high latitude and altitude and surface waters in semi-arid areas of
Europe. Therefore there is a need to develop simple indicators to assess current
impacts and which could be integrated into existing assessment systems. With climate
change impacts expected to vary among cold, temperate and warm ecoregions,
different sets of indicators may be required. Euro-limpacs identified a potential set of
indicators for lakes in cold, temperate and warm ecoregions (Table 1.1). Most of these
indicators can be accommodated within existing routine monitoring programmes and, in
many cases, simple physico-chemical measurements are most appropriate.
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Table 1.1 Direct and indirect impacts of climate change on lakes. Category: ecosystem component being affected by direct or indirect climate change effects.
Response: describes how the variables change under the stressor considered. Indicator: a judgemental selection of the variables that most clearly reflect
climate change. c, t, w: variable relevant in cold (c), temperate (t) and warm (w) ecoregions. (from Hering et al., 2009)

Justification of

Category Response Indicator . c|t|w
indicator
Higher air and thus higher water temperature leads to
a shorter ice cover period. The relationship between
air temperature and timing of lake ice-breakup shows | Ice cover duration, timing L
. . . . . . . . Ice cover duration is simple to
Ice cover an arc cosine function. This nonlinearity results in of ice-breakup, ice . . X (X)
. . ; . monitor, e.g. by remote sensing.
marked differences in the response of ice-breakup thickness.
timing to changes in air temperature between colder
and warmer regions.
- Higher temperatures result in earlier onset and
4 prolongation of summer stratification. As a result, .
° . L Duration of summer
= e changing mixing processes occur and systems may . Water temperature well reflects
= Stratification o I stratification as reflected o X | X (X
T change from dimictic to warm monomictic. A lack of the status of lake stratification.
L . by water temperature
full turnover in winter might lead to a permanent
thermocline in deeper regions.
Increased temperature and decreased precipitation in
conjunction with intensive water use will decrease Easy to monitor by remote
Water level water volumes. This will lead to water level Lakes surface sens),/in y )| (x) | x
imbalances and in many cases to the complete loss of g
water bodies.
. I . The parameter is easy to record
High temperatures will stimulate phytoplankton Oxygen concentration of . .
. . ) . . and often incorporated into
Oxygen depletion | growth, which will lead to oxygen depletion of the bottom water in )| (x) | x

Physico-
chemistry

profundal habitats.

summer

routine water chemistry
monitoring.
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Justification of

Category Response Indicator . t | w
indicator
With less precipitation in El Nino years and resultin . . .
precip . y . g Directly reflecting the responding
droughts, stored reduced S in anoxic zones .
Sulphate . . ) . parameter; often incorporated
. (wetlands) are oxidised during drought, with Sulphate concentration . . . (X)
concentration . into routine water quality
subsequently high sulphate export rates. Elevated o
. . . monitoring
sulphate concentrations in lakes will be the result.
DOC Rising temperatures in combination with declining DOC Incorporated into routine water (X)
acid deposition cause increasing DOC concentrations. quality monitoring
pH is easy to record and often
Acidification Acidification pulses occur due to draught (El Nino). incorporated in water chemistry
effects on Acidification pulses will cause changes in pH; biotic acid indices monitoring. As pH varies
phytoplankton phytoplankton richness and biomass. seasonally and daily, biotic
indices are often more stable.
) . These parameters are easy to
Warmer winters cause extreme rainstorms and heavy .
. . . . e record and often incorporated
Salinity sea-salt deposition, which might affect water Acidifying substances . . . X
. into routine water chemistry
chemistry. o
monitoring.
Total Organic Warmer winters produce higher levels of run-off TOC | TOC levels and/or Water TOC concentrations reflect
Carbon (TOC) run- | release with subsequently increasing TOC water absorbance (water changes in run-off and input of
off patterns concentrations. colour). allochtonous material.
The shift in community
. . composition gives information
c Increasing water temperatures lead shifts from a .
2 . _ . about the response of biota to
3] dominance of diatoms and cryptophtes to Phytoplankton biomass L
=) Water temperature . . . . o changed lake characteristics as
3 cyanbacteria. This effect is especially pronounced at and composition,
o effects on _ _ . . water temperatures. X | (X)
— temperatures > 20°C, since cyanobacteria (especially | cyanobacterial algal .
> phytoplankton . Phytoplankton community
@ large, filamentous) and green algae are favoured at blooms e .
= higher temperatures composition is routinely
T ' monitored for the Water

Framework Directive.
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Justification of

Category Response Indicator . c w
indicator
Water temperature | Inter-annual variation in water temperature result in The parameter is easy to record
effects on deeper macrophyte colonisation, greater wet weight Water temperature and often incorporated into
macrophytes biomass, and an increase in whole lake biomass. routine monitoring programmes.
Higher water temperature leads to shifts in
. . . . The response of zooplankton
zooplankton community composition. Higher, earlier .
. . . . (although not monitored for the
Water temperature | population growth rates of Daphnia and earlier Zooplankton biomass -
. . . . . Water Framework Directive)
effects on summer decline occurs due to higher spring and composition, size ) o x) (x)
. L might be a good indicator for
zooplankton temperatures. As a result, higher Daphnia biomass classes .
. . . changes food-web dynamics due
leads to earlier phytoplankton suppression and a shift .
. . . to temperature increase.
c from a dominance of large-bodied to smaller species.
o
§ Higher water temperatures (especially in the
g epilimnion) lead to the progressively reduction of
g thermal habitats for e.g. Salvelinus namaycush. As a Water temperature is easy to
> Water temperature . . . Summer water .
< result, cold water species will disappear from littoral . measure, but even air
° effects on cold . . . temperature or air . X
g ) areas in spring and summer. Furthermore, higher temperature reflects warming up
3 water fish ) . temperature .
8 water temperatures will reduce reproduction success of mixed layer temperature.

of cold water species and increase parasitic and
predator pressure on the egg and young life stages.

Spread of alien
species

Higher temperatures often favour alien fish,
macrophyte or macroinvertebrate species.

Share of alien species in
the community

This parameter can often be
inferred from routine monitoring
for the Water Framework
Directive.

)

Page 39/158




WISER

Deliverable D5.2-3: Report on effects of global change on lake!

S

Category

Response

Indicator

Justification of
indicator

Food webs

Water temperature
effects on food
webs

Increased water temperature generates principal
shifts in food webs. As cyprinid planktivorous fish
species are supported, large zooplankton species are
suppressed and grazing intensity is reduced.

Proportion of
planktivorous and
piscivorous fish species;
proportion of large and
small zooplankton
species

Food web structure is well
reflected by these two
parameters. The share of large
zooplankton species determines
the effects on phytoplankton, the
share of planktivorous species
determines the effects on
zooplankton.
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1.8 Climate change: Defining reference conditions and restoring freshwater
ecosystems

As noted, attempts to restore aquatic ecosystems under the Water Framework
Directive requires that freshwaters should be maintained at or returned to good

ecological status, defined as O0slightlyo

the biodiversity and functioning of ecosystems need to be restored to a more natural or
reference state. This may entail removing or mitigating the causing of degradation, but
may also require more active restoration management (e.g. physical reconstruction of
or habitat alteration.

To assess ecological status and to determine whether restoration efforts have been
successful knowledge of the baseline conditions that occurred prior to the human-
induced stress is required. Thus reference conditions are needed; (i) to understand
how the current condition differs from the ecological target/reference condition; (ii) to
determine what factors have been degraded and by how much; (iii) to identify the
drivers of the observed change; and (iv) to decide what steps are needed to restore the
ecosystem to the desired condition.

However, defining the &éref er eonbecemesoraso e
climate change increasingly affects the structure and functioning of ecosystems. Euro-
limpacs considered how climate might affect or confound the use of reference
conditions in ecological assessment, recognising that a reference condition is not a
static state, but changes over time. The concept of a dynamic reference condition
concept can be used to modify restoration targets in systems where changing climate
may shift baseline conditions beyond those to which it can reasonably be expected to
be restored.

Euro-limpacs compared different methods for establishing reference states. The initial
objective was to understand the inherent variability that might be associated with the
use of different methods to establish reference conditions. Secondly, the Project sought
to determine how climate change might affect perception of contemporary reference
conditions or baselines, and hence influence interpretation of restoration.

Many approaches are used to establish reference conditions. In areas where land use
has not drastically altered the landscape the use of survey data is common since the
approach, by using space for time substitution, encompasses natural variability.
However, in many areas across Europe, the landscape has been extensively altered
over centuries and hence reference conditions, or even relatively minimally disturbed
cannot adequately be determined using space-for-time approaches. Models and
hindcasting provide alternative approaches. Relationships between response and
predictor variables can be used to predict the expected reference condition (e.g.
community composition or palaeo-reconstruction of water chemistry and biota) in the
absence of stress (e.g. Wright 1995). The use of palaeoreconstruction and
contemporary time-series data (depending on the length of the record) may capture the
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dynamic nature of aquatic ecosystems. However, these often only provide information
on a single population or assemblage of organisms, and, until recently, have seldom
been used to reconstruct the elements of whole communities or ecosystems. Expert
judgment can be employed to assess many different types of information to provide a
more holistic reference condition. This approach is rarely used to establish reference
condition in isolation due to potential sensitivity, bias and inaccuracy, but may strongly
complement other methods.

Euro-limpacs considered two main approaches to establishing reference conditions in
lakes.

1.8.1 Typology- and model-based approaches.

The role of biogeographical factors in determining species distribution patterns, and the
use of spatial typologies for partitioning natural variability are recognised for some time
(e.g. Hawkins & Vinson 2000; Johnson et al. 2007). Research has confirmed the
importance of regional and local scale variables for predicting the composition of
aquatic habitats but comparatively little work has been done on the efficacy of a priori
classification systems for predicting biotic assemblages. Euro-limpacs, confirming
findings from earlier studies, Johnson (unpublished), found that latitude, altitude and
catchment size were important predictors of invertebrate assemblages in boreal
streams (e.g. Hawkins et al. 2000; Johnson et al. 2004). These site-specific
characteristics can also result in lag responses that differ among sites, resulting in high
levels of uncertainty and confounding interpretation of the efficacy of restoration.
Assessments of biological recovery from acidification, for example, often require the
use holistic and multiple assessment approaches (Stendera and Johnson, 2008). A
Euro-limpacs study of reference boreal lakes showed that communities did not fluctuate
around a long-term mean, as expected, implying the influence of some other driver.
One explanation for the long-term trends noted in both the reference and acidified lakes
is a gradual shift in baseline conditions brought about by the effects of global warming.

There is evidence, however, that classifications based solely on landscape-scale
predictors do not capture the fine-scale variability of aquatic communities. Site-specific
predictors such as water chemistry also need to be included. Predictions based on
continuous environmental and taxonomic data provide a more robust method for
establishing reference conditions. Long-term datasets are also needed to better
understand both the drivers of regional changes in chemistry and biology of aquatic
systems and the direction and magnitude of changing baseline conditions. In addition,
these and other studies (e.g. Johnson et al. 2007) support the contention that the scale
of perturbation (e.g. local- vs region-scale drivers of change) and the scale of
restoration (e.g. individual habitats within a stream or streams within a catchment or
landscape) need to be considered to design robust and cost-effective restoration
programmes.
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1.8.2 Historical information and palaeolimnoloogical records

For some aquatic systems (e.g. European shallow lowland lakes) it is very difficult to
find reference sites. Therefore historical information is required to determine the
reference conditions. However, long term datasets are rare for most ecosystems, and
where these do exist, monitoring programmes tend to have begun after disturbance
has occurred and may not include all the variables of interest. For lakes however,
palaeoecological analysis of the remains fossil remains of aquatic organisms preserved
in sediment cores can provide historical information and hence to define reference
conditions (Bennion & Battarbee 2007). The multi-indicator approach is a particularly
powerful tool for determining site-specific reference conditions (e.g. Guilizzoni et al.
2006; Taylor et al. 2006; Bennion & Battarbee 2007). The ecological information within
the lake sediments provides a sound basis on which to establish reference conditions
and formulate management decisions such as the definition of restoration targets.

Palaeoecological applications are strengthened when used in tandem with historical
datasets of sufficient length. In Euro-limpacs this approach was employed at Groby
Pool, a small, shallow lake in England that has undergone nutrient enrichment over at
least the last two centuries (Sayer et al. 1999; Davidson et al. 2005) and Loch Leven
(see above). The combined historical, time series and palaeolimnological datasets for
these two lakes provide a rare opportunity for a comparative study of the botanical
record with the aquatic plant history as revealed by the sediment record. At both sites,
the timing and nature of changes in the biology showed agreement between the two
data sources. A clear succession in the aquatic flora over approximately the last 150
years was indicated. At Groby Pool the pollen record provided information on species
that leave few macro-remains. There is inherent bias in both methods. Botanical
surveys can be skewed towards rarities which are not captured by the sediment record
(e.g. Zhao et al. 2006). Macrofossils in the sediment record tend to underestimate past
species richness. However, at these sites there were also cases where taxa were
absent from the old plant surveys but were present in the macrofossil data. Other
problems were experienced due to patchy plant records, gaps in the historical record.
Nevertheless, despite these uncertainties, two case studies show that macrofossils can
be used on their own to provide a reliable record of the dominant components of the
plant community. They demonstrate the value of combining methods to determine the
ecological condition of the sites prior to impact.

Although palaeolimnological records provide a means for establishing reference
conditions for lakes, the methods have inherent uncertainty. Although there is now
increasing use of multiple methods, both direct (e.g. multiple groups of organisms) and
indirect (e.g. different forms of inference), few studies have examined the use of
different methods to better understand the inherent uncertainties. In Euro-limpacs
Battarbee et al. (2005) assessed the relative accuracy of different approaches in
reconstructing pH of a Scottish loch showing that the inferred reference pH in 1800 AD
varied by less than an order of magnitude. The study showed that uncertainty can be
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reduced by increasing the size and representativeness of the calibration data-sets and
by continued verification against observations from monitoring programmes. It is
encouraging that different methods to establish reference condition were congruent,
and also that model predictions agreed with contemporary monitoring data. The study
demonstrates the efficacy of hindcasting methods for establishing the reference
condition of lakes where no present-day spatial analogues exist. However, the
modelling and time-series data also indicate substantial variability on decadal and
yearly time scales, trends that are clearly the result of human-generated changes in
surface water quality. More research is needed to assess how climate change affects
our ability to detect degradation and recovery. The latter is particularly important with
the context of the Water Framework Directive.

1.9 Global change and restoration

When restoring sites, connections to potential source populations and the dispersal
abilities of key reference organisms are of critical importance. Delays in re-colonization
of restored sites may hinder efforts to attain species composition characteristic of
reference conditions. It has been argued that restoration should occur in a landscape
context (i.e. where connections in the landscape are taken into account) (e.qg.
Verhoeven et al. 2008). The Operation Landscape Unit (OLU) approach, developed
further in Euro-limpacs, considers how disrupted connections in the landscape may
impede restoration success, and provides a tool for including crucial landscape
connections in restoration planning.

Climate change may impact connections between sites and the dispersal abilities of
species by. For example, the drying of ponds and shallow lakes, due to warmer and
drier summer s, wi || reduce Ostepping st
understanding of the effects of climate change on the connectivity among freshwater
ecosystems is required to predict future impacts on the success of restoration
measures. However, effects are likely to be highly specific per site and landscape, and
will require landscape-scale predictions of climate change and detailed knowledge of
the spatial configuration and connections in the landscape.

There remains a need to better quantify the uncertainties associated with different
approaches to establish reference conditions. It is clear that spatial typologies
(probably the most common approach used in implementing the WFD) are significantly
poorer at partitioning biological variance than model-based approaches. There is also
acknowledgement that the reference condition is not static or oscillating around long-
term means, but showing monotonic climate-driven trends. Hence approaches that
explicitly include interannual variability in weather and/or long-term trends in climate
should be given greater consideration. Research is needed to disentangle the effects of
short-term climatic events such as the influence of interannual NAO oscillations from
long-term climate-driven trends would be of interest.
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1.10 OVERALL CONCLUSIONS

Euro-limpacs was designed to address the central question of how freshwater
ecosystems will respond to future global change. An holistic approach was taken that
embraced all surface freshwater types (lakes, rivers and wetlands) within an integrated
catchment context, that covered a full range of spatial and temporal scales, and
combined observational, experimental, palaeoecological and modelling methodologies.
The outcomes of the Project included:

i) increased understanding of the effects of climate change, both directly and through
its interaction with other key stressors, on the ecological status and functioning of
European freshwaters;

i) identified and evaluated restoration efforts to recover the historical losses and
degradation which have occurred due to human impacts;

iii) developed approaches and identified priorities for dealing with the effects of future
global change scenarios relating to climate and hydrology, land-use and nutrients,
acidity and toxic substances.

iv) developed a unified system of ecological indicators for monitoring freshwater
ecosystem health, and new methods for defining reference conditions and restoration
strategies.

The main achievement of societal relevance is increased understand of how strategies
for the sustainable management of freshwaters, for example, as required by the WFD,
may need to be modified to take account of global, especially climate change. The
results from Eurolimpacs provide a foundation for future research on the impacts of
climate change on freshwaters and how these can be managed both within the current
policy framework and as part of future management strategies. Subsequent projects
such as WISER and REFRESH are further developing the themes and approaches
from Euro-limpacs so that the scientific basis underpinning the management of
freshwaters is strengthened and targeted appropriately.
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2. Assessing degradation and recovery pathways in lakes impacted
by eutrophication using the sediment record

Responsible: Helen Bennion, Contributors: Ben Goldsmith and Gavin Simpson

2.1 Introduction

Most lakes throughout the world have been modified to some extent by human activity.
Excessive nutrient and organic matter loading resulting in eutrophication has affected
numerous waterbodies, most notably since the mid-twentieth century associated with
the intensification of agriculture and expansion of populations connected to sewage
treatment works (Battarbee et al., 2011). The consequent high algal biomass leads to
filtration problems for the water industry, oxygen depletion, recreational impairment,
loss of biodiversity, fish mortality, and decline or loss of submerged plants.

Efforts to restore enriched systems have increased over the last few decades and there
are now numerous examples of lakes in recovery. Point-source control at sewage
treatment works has been particularly effective at reducing external nutrient loads.
Nutrient pollution from diffuse agricultural sources has proved more difficult to control
as it is dispersed over large areas. Nevertheless restoration schemes that promote use
of buffer strips, good agricultural practice and wetland regeneration have all contributed
to the reduction of nutrient loading from agricultural sources (Sharpley et al. 2000). In
deep, well flushed lakes, eutrophication is often reversed by the reduction in
phosphorus (P) inputs alone, such as in Lake Washington, USA, where P
concentrations fell dramatically, phytoplankton biomass declined and there were
sustained increases in transparency following effluent diversion and treatment
(Edmondson & Lehman, 1981). However, in shallow lakes internal P loading can delay
recovery and external P reduction is often combined with other management measures
such as dredging or biomanipulation (Sgndergaard et al., 2007). Whilst there are many
individual success stories, there remains considerable uncertainty about whether
restoration targets can be achieved and over what timescales one might expect to see
improvement. Recovery may be a slow process as biotic communities tend to exhibit
hysteresis and time-lags, and thus ecosystems take time to re-adjust to reduced stress
(e.g. Yan et al., 2003; Johnson & Angeler, 2010). In an analysis of long-term datasets
from 35 restored lakes, Jeppesen et al. (2005) showed that internal nutrient loading
delayed recovery, but in most lakes a new equilibrium for total P (TP) was reached after
10-15 years. Furthermore, new pressures, especially from global warming, may counter
restoration strategies. Climate change in combination with land use changes is
anticipated to cause increased nutrient loading in lakes, and may increase the
frequency and intensity of harmful algal blooms. Longer growth seasons, higher water
temperature and more turbid conditions may amplify this problem (Jeppesen et al.,
2010). Thus the expectation that ecosystems can be returned, following remediation
efforts, to conditions prior to enrichment may be a naive one and managers and policy
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maker s may have to accept t hat Ashifting I
restoration targets (Duarte et al., 2009; Bennion et al., 2011a).

Legislative programmes are now in force to reduce pollution and restore aquatic
ecosystems to good health in many regions of the world. In Europe, the Water
Framework Directive (WFD) with its aim to restore waters to at least good status, has
increased the need for effective restoration programmes for all lakes. Within the WFD,
ecological status is based on the degree to which present day conditions deviate from
those expected in the absence of significant anthropogenic influence, termed reference
conditions. Consequently there has been a wave of research aimed at defining
reference conditions and development of tools for estimating deviation from them. Lake
sediment analysis provides unique insights into the history of freshwater ecosystems
giving evidence for the nature and timing of ecosystem change, and providing a record
of human impact that can be indispensible in developing strategies for ecosystem
management (Bennion et al., 2011a). Palaeoecological methods can reveal pre-impact
conditions and identify any signs of recovery, and have played a key role in the WFD
(Bennion & Battarbee, 2007), particularly in determining pre-enrichment reference
conditions and degree of eutrophication (Bennion et al., 2004). Diatom records have
proved especially valuable in this respect, largely due to their sensitivity to shifts in
trophic status (Bennion & Simpson, 2011; Bennion et al., 2011b). As many restoration
programmes progress there is great potential to employ a combination of limnological
and sediment records to track recovery using the pre-eutrophication baseline as a
benchmark (Battarbee et al., 2005).

This paper employs palaeoecological techniques to examine the degree of impact and
recovery in thirteen European lakes that have been subject to eutrophication. Changes
in the diatom assemblages in sediment cores from the study lakes are assessed in
response to enrichment and subsequent reduction in nutrient loading. The response of
several metrics is explored including percentage plankton, diversity, community
composition and diatom-inferred TP (DI-TP) concentrations. The extent to which the
diatom assemblages are approaching or deviating from reference conditions is
explored using ordination and dissimilarity scores. The key questions being addressed
are: i) Do the observed changes reflect degradation and recovery?, ii) Is the recovery
pathway simply a reversal of the degradation pathway?, and iii) Can the degree of
degradation be quantified?

2.2 Methods

2.2.1 Study sites

The thirteen study sites are located in European lowland catchments and represent a
range of lake types in terms of lake area, depth and trophic status (Table 2.1). For data
analyses, the sites have been classed as either deep, stratifying or shallow, non-
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Table 2.1 Summary characteristics of the thirteen study sites

Lake Max Current
Site name Core code Country | Alt Area Depth | mean TP | Lake type Management actions
masl | km? m ug 1"
Shallow, non-stratifying | Reduced external P loading since late
1970s; sediment removal to reduce

Barton Broad BART1 England 2 0.77 1.5 74 internal P-loading from 1995-2000
Lake Bled BLED3 Slovenia 475 1.5 32.0 20 | Deep, stratifying Sewage effluent diversion in 1982
Bosherston Lily Pond Shallow, non-stratifying | Sewage diversion since 1984, bypass
Central BOSHC1 Wales 2 0.34 2.0 20 pipeline construction in 1992

Deep, stratifying Reduced P loading since 1986 but

internal loading issues and fish farm

Esthwaite Water ESTH1 England 65 1 15.5 28 present until 2009
Gjersjoens GJER-NIVA | Norway 40 24| 64.0 15 | Deep, stratifying Sewage effluent diversion in 1971

Deep, stratifying Decrease in fertiliser use and change
Kiegpi E&s ki {KIEP2009 Poland 120 0.61 11 105 in land use in early 1990s

Shallow, non-stratifying | Reduced P loading since 1985 but
Loch Leven LEVE1l Scotland 106 13.7 25.5 53 internal loading issues

Deep, stratifying Decrease in fertiliser use and change
Lidzbarskie LIDZ2009 Poland 128 1.22 25.5 66 in land use in early 1990s
Llangorse Lake LLAN3 Wales 156 1.4 9.0 118 | Shallow, non-stratifying | Sewage diversion in 1981 and 1992

Shallow, non-stratifying | Sewage part-diversion and improved
Marsworth Reservoir | MARS91 England 115 0.1 4.0 476 sewage treatment works in mid 1980s

Deep, stratifying Exact restoration measure and timing
Mill Loch MILL1 Scotland 55 0.11 16.8 92 unknown

Deep, stratifying Improvements to sewage treatment
Mjgsa core B Norway 123 362 | 453.0 4 works in late 1970s

Deep, stratifying Decrease in fertiliser use and change
Rumian RUMI2009 Poland 152 3.06 14.4 75 in land use in early 1990s




stratifying, in order to explore whether these lake types respond differently to nutrient
reduction measures. All of the sites have experienced eutrophication within the last
~100 years and have either seen a reduction in external nutrient loading from sewage
treatment works since the 1970s and 1980s or, in the case of the three Polish lakes,
have received less diffuse pollution from the early 1990s as a result of national
changes in fertiliser and land use.

2.2.2 Sediment core collection and analyses

A sediment core was collected from the open water area of each lake as part of several
different previous studies and, therefore, coring methods and analytical resolution vary
from site to site. However, at least ten samples from each core, spanning the last ~200
years, were analysed for diatoms using standard methods (Battarbee et al., 2001). A
minimum of 300 valves were counted from each sample using a research microscope
with a 100x oil immersion objective and phase contrast. Krammer & Lange-Bertalot
(1986-1991) was the principal flora used in identification. The diatom data are
expressed as percentage relative abundances.

Chronologies for the cores included in this study were determined using radiometric
methods and/or spheroidal carbonaceous particle (SCP) analysis. For radiometric
analysis sediment samples were analysed for ?°Pb, ?*Ra, **’Cs and ***Am by direct
gamma assay using the methods of Appleby et al. (1986). °Pb chronologies were
calculated using either Constant Rate of Supply (CRS) or Constant Initial Concentration
(CIC) dating models (Appleby & Oldfield, 1978), based on the method best suited to the
data. SCP analysis followed the methods described by Rose (1994) and Rose &
Appleby (2005).

2.2.3Data analysis

The degree of floristic change in the diatom assemblages between the bottom sample
and every other sample in the core was assessed using the squared chord distance
(SCD) dissimilarity coefficient (Overpeck et al., 1985) implemented in C2 (Juggins,
2003). The dissimilarity scores range from 0 to 200 whereby O indicates that two
samples are exactly the same and 200 that they are completely different. This provides
a measure of deviation from the reference assemblage. It is generally considered that a
shift from benthic to planktonic dominance occurs with eutrophication (Vadeboncoeur
et al., 2003). Hence, the percentage of planktonic taxa versus non-planktonic taxa was
calculated for each sample to assess whether this provides a useful metric for
assessing diatom response to degradation and recove r y . The Hill 6s
(Hill & Gauch, 1980) was also calculated to explore whether the diversity of the diatom
assemblage shifts in line with enrichment and recovery.

Principal components analysis (PCA), an indirect ordination technique, was used to
analyse the variance downcore within the diatom assemblages using C2 (Juggins,
2003). The technique helps to identify the main points of compositional change within
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complex species-rich data sets. The sample scores for PCA axis 1 are shown. Where
scores between two neighbouring samples in the core differ markedly this indicates that
the assemblages have undergone substantial change between these two points in the
core.

A diatom-TP transfer function was applied to the diatom data to reconstruct the trophic
status of each site. Reconstructions of DI-TP were produced using either i) a training
set of 56 relatively large, deep lakes (> 10 m maximum depth) from Scotland, Northern
Ireland, Cumbria, southern Norway and central Europe with annual mean TP
concentrations ranging from 1-73 pug TP L™ and a median value of 22 ug TP L*
(Bennion et al., 2004); the best model was generated with simple weighted averaging
and inverse deshrinking (ter Braak & van Dam, 1989); this model has a coefficient of
determination (r2) between observed and inferred values of 0.75 and a root mean
squared error of prediction (RMSEP based on the jack-knifing cross validation method)
of 0.25 logie pug TP L™, or ii) a Northwest European training set of 152 relatively small,
shallow lakes (< 10 m maximum depth) with a median value of 104 pg TP L™ and a
RMSEP of 0.21 logio pug TP L™ for the weighted averaging partial least squares two-
component (WA-PLS2) model (Bennion et al., 1996). All reconstructions were
implemented using C? (Juggins, 2003). The training set containing the greatest
percentage of taxa present in the fossil samples was selected, which resulted in the
shallow lake training set being used for the shallow, non-stratifying lakes and the deep
lake model being used for the deep, stratifying lakes.

The PCA scores on axis 1 and 2 of each core are also displayed passively on a
covariance matrix of samples from the modern diatom-TP training sets described
above, with logTP as a supplementary environmental variable. The logTP values are
represented by generalized additive model (GAM) contours. The plots allow the
direction of floristic change at each site and its relation to TP to be visualised. The
sample and species scores are plotted in ordination biplots to illustrate the degree to
which the recovery trajectories follow back along the enrichment trajectories. The
analysis was implemented in Canoco (ter Braak & Smilauer, 2002).

2.3 Results

2.3.1Dissimilarity scores

The dissimilarity scores between core bottom and other samples in each core indicate
that all sites have experienced deviation from reference condition (core bottom sample)
over the period represented by the cores (Figure 2.1). All sites, with the exception of
Lakes Kielpinskie and Lidzbarskie where the patterns are less clear, exhibit progressive
deviation from the reference sample during the period prior to nutrient reduction,
indicating gradual compositional change with enrichment. The diatom assemblages of
some sites, most notably the deep lakes, show signs of returning towards the reference
flora following reduction of nutrient load. This is most apparent in Lake Bled, Gjersjoen,
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Mill Loch, and Mjoesa. Nonetheless most are still far from reference condition with high
dissimilarity scores ranging from 38 to 157 between the core top and bottom samples.

hallow lakes deep lakes
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20004 ?
e 7 < < ? <
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Dissimilarity scores (deviation from base sample)

Figure 2.1 Dissimilarity scores for the thirteen study sites (timing of nutrient reduction is shown by the
arrow) (degree of floristic change in the diatom assemblages between the bottom sample and every
other sample in the core)

2.3.2 Percentage plankton and diversity

In four of the five shallow lakes (Barton Broad, Loch Leven, Llangorse Lake and
Marsworth Reservoir) the % plankton increases with enrichment but does not decline
during the recovery phase (Figure2.1). In the other shallow lake, Bosherston Lily Pond,
the % plankton stays low throughout the record. In the deep lakes % plankton was high
throughout the cores (generally > 60%) but in Esthwaite Water, Gjersjoen, Mill Loch
and Mjoesa slight increases in the planktonic component were observed with
enrichment. Only in Mjoesa, and to a lesser extent in Esthwaite Water, was a slight
decline in % plankton seen in the recovery period. Shifts in diatom diversity with
enrichment and recovery were difficult to discern (Figure 2.3). Nonetheless, a slight
decrease in Hillbds N2 diversity scores
Bosherston Lily Pond, Loch Leven, Marsworth Reservoir, Kielpinskie, Lidzbarskie, Mill
Loch and Mjoesa) prior to the introduction of management measures. A subsequent
increase in diversity following restoration was seen only in Barton Broad and Mjoesa.

2.3.3 Ordination and transfer functions

The PCA axis 1 scores show that all sites experienced marked, though gradual, shifts
in diatom composition during the eutrophication phase. However, only five sites
(Marsworth Reservoir, Lake Bled, Gjersjoen, Mill Loch and Mjoesa) return towards an
assemblage similar to that prior to enrichment following reduction in nutrient loading as
indicated by a clear reversal in PCA axis 1 scores (Figure 2.4). The data suggest that
for the remaining lakes the diatom flora following nutrient reduction exhibits a degree of
change but that this shift is not towards the same assemblage as that present before
enrichment.
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Figure 2.2 Percentage plankton in the thirteen study sites (timing of nutrient reduction is shown by the
arrow)
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The diatom transfer functions infer an increase in TP concentrations in eight of the
study lakes during the enrichment period (Figure 2.5). Of the shallow lakes, a clear
signal was not seen in Barton Broad, Bosherston Lily Pond or Llangorse Lake, and of
the deep lakes a clear increase was not apparent in Gjersjoen or Kielpinskie. However,
the diatom transfer functions infer a decline in TP concentrations following a reduction
in nutrient loading at 12 of the 13 study lakes, the exception being Kielpinskie where a
decrease in DI-TP concentrations is not clearly seen (Figure 2.5). This suggests that at
these 12 sites there have been compositional changes towards taxa associated with
lower nutrient concentrations following the nutrient reductions. In the case of
Kielpinskie, the shifts in the diatom assemblages were subtle and have resulted in no
major change in DI-TP values in recent years.
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Figure 2.4 PCA axis 1 scores for the thirteen study sites (timing of nutrient reduction is shown by the
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Figure 2.5 Diatom-inferred TP (DI-TP) reconstructions for the thirteen study sites (timing of nutrient
reduction is shown by the arrow)

When the deep lake cores are plotted passively on a PCA covariance matrix of the
large, deep lakes training set samples with logTP as a supplementary environmental
variable (Table 2.2, Figure 2.6 A-C) the core samples generally move from the upper
right of the plot towards the lower left during the enrichment period, following the
direction of increasing TP concentrations in the training set. A reversal is seen in Lake
Bled, Gjersjoen, Mill Loch, and Mjoesa where samples move back towards the upper
right following a reduction in nutrient loading. This reverse pattern is not seen in
Esthwaite Water. Nor is a clear pattern observed for the three Polish lakes: at
Kielpinskie samples move from right to left but there is no subsequent reversal, at
Lidzbarskie there is no clear direction of change in the lower part of the record but there
is a slight move back to the right in the upper core, and at Rumian there are slight shifts
from right to left and back again. The core trajectories reflect changes in the
composition of the diatom flora with taxa associated with lower nutrient concentrations
located on the right of the diagram (e.g. Achnanthes spp., Brachysira spp., Cymbella
spp., Eunotia spp., oligotrophic Cyclotella spp. and Tabellaria flocculosa), those more
typically found in
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waters with intermediate nutrient concentrations located on the lower left (e.g.
Aulacoseira subarctica, Aulacoseira granulata, Asterionella formosa, Fragilaria
crotonensis and Cyclotella radiosa) and those commonly seen in nutrient-rich
conditions located on the upper left of the plot (e.g. Cyclostephanos dubius,
Stephanodiscus hantzschii, Stephanodiscus parvus) (Figure 2.7).

Axis1 | Axis2 | Axis3 | Axis4 Tgtal
variance
Species-environment correlations 0.686 0.277 0.129 0.459
Cumulative % variance of species data 16.1 28.0 36.0 42.7
Cumulative % variance of spp-env relation 58.1 65.2 66.2 77
Sum of all canonical eigenvalues 0.130

Table 2.2 PCA results for the eight deep lake cores plotted passively on a covariance matrix of training
set samples with logTP as a supplementary environmental variable (inter-sample distances, divide by
SD, centre by species, 208 total samples,178 total species, 56 active samples, 152 passive samples,

139 active species)
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Figure 2.7 Deep lake cores - species plot on a PCA covariance matrix of training set samples (see

Appendix 1 for diatom codes and names)
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WI S E R Deliverable D5.2-3: Report on effects of global change on lakes

Similarly, when the shallow lake cores are plotted passively on a PCA covariance
matrix of the shallow lake training set samples with logTP as a supplementary
environmental variable (Table 2.3, Figure 2.6 E-G) the core samples of all five lakes
move from the right of the plot towards the left during the enrichment period, following
the direction of increasing TP concentrations in the training set. A clear reversal is
apparent only at Marsworth Reservoir following nutrient reduction, while a slight move
back towards the right of the diagram is seen at Loch Leven. At Barton Broad,
Bosherston Lily Pond, and Llangorse Lake, the upper core samples move to a new
position within the ordination space but do not obviously track back along the
enrichment trajectory. As for the deep lakes, the core sample shifts during the
eutrophication phase largely reflect a move from taxa associated with relatively nutrient
poor conditions located to the right of the diagram (e.g. Achnanthes spp., Cymbella
spp., Eunotia spp., oligotrophic Cyclotella spp. and Tabellaria flocculosa) to those taxa
typically found in nutrient rich waters located to the left of the plot (e.g. Cyclostephanos
dubius, Cyclostephanos tholiformis, Stephanodiscus hantzschii, Stephanodiscus
parvus) (Figure 2.8).

Figure 2.8 Shallow lake cores - species plot on a PCA covariance matrix of training set samples (see
Appendix 1 for diatom codes and names)
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