Ormerod and Durance Freshwater Ecosystems Water Report Card

A climate change report card for water
Working Technical Paper

7. Climate change and the UK’s freshwater ecosystems

S. J. Ormerod® and Isabelle Durance™?

! catchment Research Group, Cardiff School of Biosciences, Cardiff University,
Cardiff, CF10 3AX, UK

2 Sustainable Places Institute, Cardiff University, 51, Park Place, Cardiff, CF10
3AT, UK

Tel: 029 20 875871

E-mail: Ormerod@cardiff.ac.uk



mailto:Ormerod@cardiff.ac.uk

Ormerod and Durance Freshwater Ecosystems Water Report Card

Abstract

1. The sensitivity of freshwater ecosystems to climate change is a fast emerging issue in their
research and management. We outline some of the empirical evidence for ecological effects,
but draw attention also to knowledge gaps and uncertainties that currently limit the ability
to implement management or prediction with confidence.

2. Extensive data from river and lakes in Britain and Europe reveal warming trends over the last
20-30+ years by 0.1-1.0 °C per decade, through warming recently slowed in the UK.
Improved long-term heat budgets would improve understanding and future prediction.

3. Long-term changes in river discharge are more difficult to discern against background inter-
annual variations that can exceed 350%. There is some evidence of increasing seasonality in
Europe as well as large-scale changes in continental runoff. Clarification is required to
distinguish anthropogenic effects from quasi-natural fluctuations in Atlantic weather
systems.

4. UK lakes also show evidence of long-term warming, but climate change effects are
complicated locally by lake mixing processes, stratification in deeper lakes, ice-cover, and
internal changes in dissolved oxygen concentrations. There are also marked interactions
with eutrophication.

5. Ascribing ecological changes in UK freshwaters unequivocally to climate change is
challenging because other long-term trends, notably in water quality, have had large
ecological effects. Nevertheless, some ecological changes in Britain and Europe are
consistent with warming or varying discharge. They include alterations in the phenology,
abundance, composition, occurrence, trait structure and body size of freshwater organisms
as well as emergent properties such as food webs. Multiple phenomena are involved, and
mechanisms vary between regions, running and standing waters, and upland and lowland
environments. Climate change effects on groups other than fish, invertebrates and lake
plankton are poorly known, while wetlands are under-represented in empirical studies.
Effects on ecological processes and ecosystem services are poorly understood in all
freshwaters.

6. Ecological changes caused by climate threaten the conservation of important species or
habitats. They will also affect water resources through factors such as cyanbacterial blooms,
freshwater restoration, and progress towards good ecological status. Unless correctly
diagnosed, effects will confound the bioassessment of freshwater quality and risk affecting
functions, ecosystem services and other economic assets derived from freshwaters.

7. Key knowledge gaps about climate change effects on freshwater ecosystems include: (i) the
exact ecological mechanisms involved; (ii) interactions with other stressors and iii) the
benefits of different options for adaptive management and climate-change mitigation.
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Introduction

Three key issues focus the current debate about the effects on climate change on freshwaters.

First, there is increasing evidence that freshwaters contribute disproportionately to global
biodiversity measured by unit area or water volume (Strayer and Dudgeon 2010). This feature stems
probably from their physical complexity, the wide range of freshwater types found across the Earth,
and their natural isolation in separate basins. As freshwaters are also ‘hotspots’ for human activity,
freshwater organisms are at greater risk of extinction than their marine or terrestrial counterparts
(Hambler et al. 2010). Impairment of freshwater ecosystems is widespread, and in Europe, major
regulatory instruments recognise the conservation value of the best example freshwaters (Birds
Directive; Habitats Directive) while also mandating restoration back to Good Ecological Status
(Water Framework Directive).

Second, the ‘ecosystem services’ concept — the idea that ecosystems provide utility and benefits to
people — is refocusing attention on freshwaters as assets with large, multiple values and major
economic importance. Water infrastructure in the UK is valued at over £250 billion, while treatment
costs alone approach £200 million annually. Britain’s extensive standing waters and 389,000 km of
streams and rivers are considered particularly important: they provide water for human use and
habitat for economically important species such a Atlantic salmon Salmo salar and eels Anguilla
anguilla; regulate flooding, erosion, sediment supplies, water quality and pollutant disposal; support
adjacent wetland, floodplain, estuarine and riparian ecosystems by supplying water, energy and
nutrients; and represent large cultural value, for example recreation, tourism and simply as
inspirational places (Maltby & Ormerod, 2011). Whilst there is still active debate about the
ecosystem services paradigm, and about the role of biodiversity in service provision, this new
emphasis is likely to reposition many aspects of the valuation, protection, management and
restoration of lakes, rivers and their catchments.

Third, fresh waters are considered to be among the most sensitive of all ecosystems to the effects of
climate change both directly, and indirectly through interactions with other stressors (after Durance
and Ormerod; 2007; 2009). This has become a major issue in freshwater research and management
for which the reasons are increasingly well rehearsed. Firstly, river and lake temperatures track
rising air temperature closely, particularly in headwaters, as shown by unequivocal warming in rivers
on at least four continents (Dokulil et al. 2006; Kaushal et al. 2010). Large biological effects are likely
because most freshwater organisms are ectotherms, while metabolic activity, production,
decomposition and oxygen concentrations are temperature dependent. In lakes, too, thermal
regimes influence ice cover and key physical processes such as mixing. Second, all streams, rivers
and lakes are linked inextricably to climatic effects on flow pattern and related processes: discharge
variations, flood/drought effects, hydraulics, flow-mediated connectivity, and fluxes of solutes and
energy between land and water. Finally, climate is likely to interact with other major influences on
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freshwater ecosystems such as pollution, abstraction, land use change and the effects of invasive
non-native species (Wilby et al. 2006). Existing climatic phenomena, such as the North Atlantic
Oscillation or El Nifio/La Nifa, illustrate already how river or lake ecosystems and their organisms
are influenced by variations in precipitation or temperature between years (Elliott et al. 2000;
Bradley and Ormerod 2001; George et al. 2004). Climatic variations between regions also reveal
large effects on river or lake character (e.g. Bonada et al. 2007).

Although climate changes are unfolding differently under different circumstances, all indications are
that the magnitude and rate of future effects will be large and rapid. In the temperate UK, for
example, mean annual temperatures by the 2050s are likely to be at least 2-3 °C greater than now,
with extreme summer temperatures rising well above 30 °C. Whereas rainfall amounts will not
change substantially, greater rainfall seasonality is predicted with potentially larger floods and also
longer rain-free periods (see UKCPQ9; Jenkins et al. 2009). If realised, all these changes will have
profound consequences for freshwater organisms, processes and ecosystem services. An important
current need, therefore, is to develop possible management responses that might reduce the worst
effects. However, well-informed management responses will depend on greater knowledge about
the effects and processes involved: because freshwater ecosystems also reflect the natural and
managed character of their catchments, climate-change effects invariably are context-specific and
involve interaction with a range of other factors (e.g. pollution, land use, natural geology). Alongside
the appraisal of direct climatic drivers in streams, rivers and lakes, understanding these interactions
is a major requirement for assessing the extent to which climate change effects might be
confounded, exacerbated or masked by other local or large-scale drivers of trend (Ormerod &
Durance 2012).

Here, we review some of the evidence available already on changes in freshwater ecosystems that
can be linked to climate as reflected by observed trends in discharge and temperature over recent
decades. We also review some of the evidence of biological effects in different regions around the
world. Although this review cannot be exhaustive in the space available, we attempt to identify
critical knowledge gaps with respect to: (i) the mechanisms involved, (ii) the difficulties of
understanding interactions with other stressors; and (iii) the inadequate evidence about the
effectiveness or different management options as well as the consequences of actions to mitigate
climate-change effects.

Empirical evidence of effects and trends

Confounding trends

It is important to establish at the outset that the identification of climate change effects on
freshwaters is not straightforward. Climatic effects are just one expression of global change effects
that include also changes in pollution, habitat quality, resource exploitation and the distribution of
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invasive non-native species. Freshwaters are susceptible to all these changes both directly, and
through changes in their catchments. Recent studies in one of Europe’s largest rivers — the Rhone —
illustrate that these effects arise in multiple, with water quality, abstraction, discharge, temperature
and invasive species all interacting over recent decades (Floury et al. 2012). In lakes, too, several
case studies illustrate how climate change expressions have run alongside changes in nutrient
concentrations or species introductions (Thackeray et al. 2008; George et al. 2012; Winfield et al.
2012), and can interact in complex ways — for example where water temperature influences internal
P loading (Spears et al. 2012). There are strong indications that increasing nutrients have affected
lakes more strongly than climate over recent decades (Batterbee & Bennion 2012 and papers
therein), though climate may be an important secondary driver (McGowan et al. 2012).

In some cases, confounding trends must be understood before climatic effects can be identified
(Kattel et al. 2008). In other cases, they can offset or mask climate change effects. In southern
English chalk streams, for example, recent gains in invertebrates typical of fast-flowing, well-
oxygenated waters occurred in spite of rising temperatures and was best explained by improving
water quality and increased discharge (Durance & Ormerod 2009). Very recent evidence using EA
and NRW data show that these effects may have been a widespread consequence of improving
urban water quality across England and Wales (Vaughan & Ormerod 2012 and unpubl. data).

Thermal regimes: rivers

Trends in freshwater temperature are liable to be among the clearest indicators of climatic change
and variation. Throughout the world, several data sets now reveal long-term warming — at least up
to ¢ 2005-8 when warming slowed. In Europe, river temperatures increased over at least the last 20-
30 years prior to this date by up to 1 °C per decade in upland Wales, Scotland, southern English chalk
streams, the upper Rhone, the Loire, the Swiss Alps and Austria (Langan et al., 2001; Daufresne et
al., 2004; Hari et al., 2006; Durance and Ormerod 2007; 2009; Webb and Nobilis, 2007; Clews et al.
2010; Floury et al 2012 see Figure 1). Local variations are also apparent over similar timescales, and
in the UK average temperature gains range from ca 0.2 °C per decade in eastern regions to 0.3-0.4 °C
per decade in Wales, the North West and the South West (Wilby et al. 2010). River temperatures
have also increased by similar magnitudes on other continents, including Asia, Australasia and North
America. Most recently, Kaushal et al. (2010) examined 41 historical data sets from North American
rivers, detecting 21 significant, long-term warming trends of 0.1 to 1.0 °C per decade that correlated
with increasing air temperature. Although warming occurred across a wide array of locations,
effects were fastest in urban areas. Whilst earlier temperature data are likely to have been made by
mercury thermometers, from the 1980s onwards electronic recording has usually been involved,
with high precision and regular data capture (typically every 15 minutes).

Despite the apparent consistency, clarity and global coherence of these trends, river thermal
regimes and heat budgets are complicated by several processes of which some understanding is
important in appraising exactly how climate-change effects on rivers are occurring. Local river
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heating or cooling depends on the relative balance between heat radiation (in or out), friction
against the banks and bed, heat exchange with the surroundings (air, bed, banks etc), condensation
(a warming effect) and evaporation (a cooling effect) (Webb et al. 2008). Rivers also import heat by
advection —i.e. inwards transport — through water arriving from their catchments. These effects vary
with season, channel morphology, valley topography, riparian vegetation and substratum conditions;
hydrological influences on temperature from groundwater contributions, variations in discharge and
river regulation are also important (Caissie, 2006).

The best available studies reveal that short-wave radiation resulting from sunlight is a dominant
source of river warming in summer, contributing 80% or more of heat gain in unshaded upland rivers
(Webb and Zhang 1997, 2004). In these same streams in winter, however, friction with the bed
becomes the largest heat source (> 40-70%). Heat losses occur largely through long-wave (infra-
red) radiation (40-65%) and evaporative cooling (10-20%) throughout the year, but heat transfer in
winter (20-50%) and conductance into the bed in summer (30%) are also important. Cooling and
heating processes vary also among stream types. For example, warming of shaded woodland
streams by short-wave radiation in summer is secondary to the effects of scattered long-wave
radiation and heat transfer (Webb and Zhang 2004). Lowland chalk streams are warmed dominantly
by solar radiation, but cooled dominantly by evaporation and heat transfer, particularly when
groundwater contributions are warmer than the atmosphere (Webb and Zhang 1997). In Antarctic
glacial melt channels, radiation can be responsible for as much as 99% of heat gain (Cozzett et al.
2006), while in other glacial streams frictional heating sometimes exceeds radiative heating even
though stream temperature tracked radiative heat inputs most closely (Chikita et al. 2010).

The main implications of these processes for understanding the role of climate change in stream
warming are: (i) radiation and insolation are likely to be the dominant warming mechanisms in
unshaded rivers, at least in summer; (ii) relative warming or cooling by direct heat transfer appears
only to be important where temperature differences between air and water are increased; (iii)
widely described positive correlations between air and river temperature are most likely to reflect
radiative heating in both these media; (iv) protecting rivers from insolation, for example by shading,
offers a potential strategy for minimising the greatest warming effects. However, understanding
long-term warming trends, especially in winter when radiation inputs are small, will require a more
thorough appraisal not only of increased heat gain, but also possible reduced heat-losses. These
might include river waters entering or flowing through warmer atmospheres, or less heat lost
through long-wave radiation during increased cloud cover at low atmospheric pressure. Radiative
Advection —i.e. heat transported by water among oceanic, atmospheric, catchment, ground and
surface-water components — might also be important. So far, none of the long-term warming trends
described above has been assessed using a heat-budget perspective, and this represents an
important gap in understanding with important ramifications for adaptive management (see below).

Discharge effects in rivers
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Like temperature, variations in precipitation will be a major source of climate-change effects on
freshwater ecosystems. In running waters in particular, factors affecting discharge are fundamental
to most, if not all, ecological processes. This stems from the pre-eminence of the shape, magnitude
and timing of the flood hydrograph as a selective force on river organisms both directly and through
its many influences on hydraulics, connectivity, habitat physiography, floodplain inundation,
interactions with the riparian zone, and the transport or dilution of sediments, natural solutes and
pollutants. Effects might arise not only through changes in average daily discharge, but also through
the frequency and magnitude of extreme high or low-flow events.

In comparison to temperature, however, precipitation and discharge patterns in many locations are
affected by proportionately large stochastic variations through time and space that make the
detection of additional climate-change effects a substantial challenge. Intemperate locations such
as the UK, both summer and winter discharge have typically fluctuated by at least 300-350%
between the driest and wettest years over the last 3-4 decades (S. J. Ormerod, |. Durance unpubl.
data). Clear hydrological trends are therefore difficult to differentiate from background variation
(Wilby 2006). Some evidence is now emerging of a spatially coherent tendency towards increasing
precipitation and discharge at higher latitudes and in NW Europe, with the reverse in SE Europe;
these patterns are linked also with evidence also of greater seasonality, with increasing winter
discharge (Stahl et al. 2010). Nevertheless, forecasting climate-change effects on discharge also
characterised by considerable uncertainty (Fowler and Wilby 2010). In part, this reflects variations
between projections from different global circulation models, down-caling tools or hydrological
models (Prudhomme and Davies 2009). Similar problems are likely to arise wherever climate change
effects on discharge are small relative to existing variation.

At broader spatial extents, altered spatio-temporal patterns in precipitation, soil moisture, runoff
and discharge into the world’s northern oceans have been apparent from at least the 1970s
(Petserson et al. 2002). Here, however, there difficulties arise in identifying the drivers from
confounding variations among greenhouse gas forcing and quasi-natural effects caused by the North
Atlantic Oscillation.

Given the ecological importance of hydrological effects in rivers, improved prediction of climate
change effects on precipitation at all scales is an important priority in modelling consequences for
river biodiversity and ecosystem services.

Thermal regimes and associated physical changes: lakes

As with rivers, European lake temperature data reveal warming trends. Dokulil et al. (2006) compiled
20-50 years of annual hypolimnetic temperature data from twelve deep lakes spaced across Europe
(2 degrees 95'W to 14 degrees 0'E, 46 degrees 27' to 59 degrees 00'N), detecting marked coherence
in changes within geographic regions. While hypolimnetic temperatures varied between years, they
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increased consistently in all lakes by about 0.1 - 0.2 degrees C per decade; these effects tracked
large-scale climatic processes over the Atlantic, and the most consistent predictor of hypolimnetic
temperature was the mean NAO index for January-May. In the English District, too, there is
evidence of warming in both smaller and larger lakes: the northern basin of Windermere warmed
significantly in spring by just over warmed degree centigrade between the 1950s and 2010 — most
rapidly in the 1980s (Thackeray et al. 2008). In the smaller Blelham tarn, annual temperatures rose
significantly by 1.1 2C between 1968 and 2008 (Foley et al. 2011), with trends similar in Esthwaite
(Feuchtmayr et al. 2012).

Complex processes in lakes mean that warming and other climate-related effects can be expressed
in markedly different ways that depend on context and local character (Thompson et al. 2009). In
particular, factors such as lake mixing processes, stratification in deeper lakes, ice-cover, internal
changes in dissolved oxygen concentrations and even feedback processes caused by the aggregate
effects of planktonic lake organisms all determine outcomes. For example, Foley et al. (2012)
analysed 41 years of data (1968-2008) from Blelham Tarn to determine the consequences of
eutrophication and climate warming on hypolimnetic dissolved oxygen, in turn related to thermal
stratification. As a result of a progressively earlier onset of stratification and later overturn as the
lake warmed, the duration of stratification increased by 38 days over the 41 years while
hypolimnetic anoxia increased significantly over time lake.

Complexities arise also where weather conditions linked to warmer temperatures — for example
during positive winter phases of the NAO — give rise to wind-induced changes in factors such as lake
temperature, duration of ice cover, or the extent or depth of lake mixing (George 2007, Spears &
Jones 2010). Large-scale climate systems associated with the NAO or jet stream position illustrate
just how context-specific local outcomes can be (George et al. 2004; Strong & Maberly 2011): in
Windermere, for example, the strongest NAO correlations were with air temperature, precipitation,
the number of days when ice was recorded, and falling nitrate concentrations as more N was taken
up by catchment vegetation at high temperatures. In contrast, at Paajarvi in Finland, the strongest
NAO correlations were with air temperature and nitrate — but here concentrations increased
because of an earlier 'flush' of melt water from the catchment (George et al. 2004).

Context-dependent effects like these mean that the prediction of climate change effects in lake
systems will often require site-specific information.

Invertebrates, fish and other organisms: rivers

As with the assessment of changing discharge, establishing long-term climatic effects on freshwater
organisms and ecological processes is characterised by several difficulties. The incremental nature
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of climate change implies that the detection of significant ecological consequences is likely to
require decades of observation; existing examples suggest that these should approach as far as
possible the 30-40 year timescales currently being used for climate-change projection. This, in turn,
means that few such systematic data are available and were initiated or collected mostly for other
purposes. Interpretation is therefore often founded on weak inference (i.e. correlation),
characterised by assumptions, affected by confounding effects, and limited in scope for definitive
interpretation. Experimental studies to investigate processes are difficult at the scales required to
mimic those involved in climate change effects on catchment-river-lake ecosystems — though
smaller-scale approaches have been attempted and offer potentially support for understanding
larger-scale observation (Hogg and Williams 1996). Cross-sectional analyses of rivers with
contrasting thermal regimes, caused for example by geothermal heating, also offer potential
(Woodward et al. 2010a).

Despite these difficulties, available long-term data are now providing increasingly strong evidence
that warming effects on freshwater ecosystems are real and possibly widespread — at least as
revealed by commonly studied groups. Patterns reflect combinations of changing abundance,
changes in species composition, changes in the occurrence of some scarcer taxa and some evidence
of a reduction in body size (Daufresne et al 2009).

The Llyn Brianne Stream Observatory, in central Wales, provides one of the world’s longest records
of climate change effects on stream invertebrates. Begun in 1981 and now in its 34" year, the
Observatory collects data from replicate streams draining catchments of 70-250 ha in acid moorland,
acid conifer, circumneutral moorland and deciduous woodland. The biological data are supported
by extensive chemical monitoring, long-term climatic data within and adjacent to the streams and
hydrological data. There are extensive land-use data and a long background of ecological process
studies, for example, on energetics, stable isotope composition, habitat succession, predator-prey
interactions and various other aspects that have led to the publication of over 100 scientific papers.
Data from Llyn Brianne were among the world’s first to reveal marked warming in upland streams
from the 1980s to the present, illustrating also that these effects were moderated by land use but
accompanied by pronounced changes in the abundances of organisms (Durance & Ormerod 2007).
For example, spring invertebrate abundances have declined with stream warming by around 20% for
every 1 °Crise — implying potentially large effects (Durance and Ormerod 2007; Fig 2). In this case,
more than 80% of the core invertebrate community persisted through inter-annual temperature
variations of around 3 °C, but species typical of cooler-water conditions, e.g. some cool-water
Plecoptera and triclads, have nevertheless been lost. The Llyn Brianne Observatory data have also
shown clear interactions between the North Atlantic Oscillation and stream invertebrates (Bradley &
Ormerod 2001), drought effects on salmonids (Weatherley et al. 1990) and interactions that show
how warm, wet winters exacerbate the effects of acidification (Ormerod & Durance 2009). Changes
include local extinctions resulting probably from a combination of species interactions, periodic
drought and increased temperature (Durance & Ormerod 2010). Current projects at Llyn Brianne
include the assessment of climate on carbon dynamics and export, the analysis of analogues for
future climate change, the continued analysis of NAO effects on ecological conditions, and
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interactions between climate change and ecosystem services under the NERC funded BESS project,
DURESS.

Trends identified from Llyn Brianne are consistent with other European locations (Daufresne et al.
2004; Durance and Ormerod 2007; 2010; Figure 2), and matched by long-term shifts among
macroinvertebrates in European lakes where temperatures have also increased (Burgmer et al.
2007). In the upper French Rhone, species changes have been linked not only to higher
temperatures, but also to decreased oxygen content and extreme hydro-climatic events, such as the
2003 heatwave (Daufresne et al. 2007). Shifts from cooler-water to warmer-water taxa have been
detected even at family level in streams on other continents, most recently Australia (Chessman
2010; Figure 2). The extent to which these changes in different regions are driven by similar
processes is not yet clear.

Effects of inter-annually varying discharge on stream invertebrates are also emerging, but here
interpretation depends on understanding the complexity of prevailing flow effects on organisms and
the ways in which flow patterns are changing as climate-change effects occur. For example,
variations in precipitation in Mediterranean regions of California have been accompanied by
variation among invertebrates of contrasting tolerance to low or high flow, leading in some locations
to sustained compositional changes (Beche and Resh 2007). Similarly, in Sonoran desert streams,
long-term shifts from perennial to intermittent flow conditions have been accompanied by a
changing invertebrate composition. Here, progressive change or recovery in species structure
following flood events closely tracks previous flow conditions, with inter-annual variations
depending on how organisms resisted channel drying, for example by using hyporheic refugia
(Sponseller et al. 2010). In complete contrast, in glacial-fed alpine systems, the richness, abundance
and community composition of stream invertebrates varies with the relative contributions of
meltwater to runoff (Brown et al. 2007). Different species persist under different conditions, with
high endemicity typical of the species-poor communities in peri-glacial channels (e.g. elevated
suspended sediments; but low water temperature and conductivity). Glacial retreat now risks
reducing the occurrence of such locations, so the extinction of melt-water specialists is a real
possibility.

In the UK, substantial variations in the assemblage composition of river organisms have tracked
variations in discharge, but recovery has invariably followed (eg Vaughan & Ormerod 2012). Our
own work has revealed further permutations of climatically-induced flow changes, not all adverse.
For example, increasing discharge appeared to reduce sensitivity to warming among chalk-stream
invertebrates (Durance and Ormerod 2009). In other instances, however, increased discharge in
warm, wet periods enhanced the negative effects of episodic acidification (Kowalik et al. 2007;
Ormerod and Durance 2009). In combination, all of these data illustrate how climate-mediated
effects on stream ecosystems are highly context-specific.
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For various riverine fish, long-term predictions suggest that cold and cool water species will decline
substantially as a result of climate warming, with habitat loss likely to be greater among those more
restricted distribution and in regions with the greatest warming (Eaton and Scheller 1996).
Increasing problems with non-native establishment are also likely (Britton et al. 2010). Available
trend data are limited, but sometimes consistent with these predictions in revealing changes in
abundance and declining occurrence in cooler-water taxa. For example, in the upper Rhone since the
1970s, southern, thermophilic fish species (e.g. chub Leuciscus cephalus and barbell Barbus barbus)
have progressively replaced northern, cold-water fish species such as dace L. leuciscus (Daufresne et
al. 2004). Over longer timescales, warming appears to have affected the range of highly endangered
species such as the Atlantic sturgeon Acipenser sturio (Lassalle et al. 2010). Adverse phenological
effects are also apparent through earlier emergence, for example in the declining European grayling
Thymalus thymalus (Wedekind and Kung 2010). Elsewhere, prolonged drought effects during long-
term studies have reduced native fish abundance while increasing threats from some invasive
species (Beche et al. 2009). In the case of salmonids —important commercially as well as through
their conservation status — northern species, such as Arctic char Salvelinus alpinus, are liable to be
under particular threat. In riverine species, however, and especially those that are long-distance
migrants, climatic effects are liable to be extremely complex because of combined changes during
early life stages, during smoltification, on migration and at sea (e.g. Jonsson and Jonsson 2009;
Kennedy and Crozier 2010). Emerging evidence also suggests synergistic climatic effects between
temperature and discharge; hot, dry conditions apparently matched by reductions in juvenile
densities (Clews et al. 2010). Northward retraction of breeding ranges may well occur, and there is
some evidence of temperature increases already reaching limits for successful breeding in some
currently occupied locations (Elliott and Elliott 2010). However, despite thermal tolerances and food
requirements being sufficiently well known in some salmonids for predictive models, better field
data are required on real trends and fitness in wild populations in relation to temperature and
discharge (Weatherley et al. 1991; Elliott 2009). This need for further field data extends also into
groups and processes. Beyond fish and invertebrates, the literature on climate change effects is still
extremely patchy (Barlocher et al. 2008).

Invertebrates, fish and other organisms: lakes

While climatic processes sometimes have straightforward effects of lake organisms — for example
where summer temperatures in Windermere apparently affect fish recruitment (Paxton et al. 2004)
—in other cases more complex processes are involved (see above). Not only do these reflect the
physical processes outlined above, but also biological interactions. For example warming and lake
stability has apparently affected the timing of zooplankton peaks in Esthwaite water as well as
interactions among both edible phytoplankton (e.g. Asterionella) and cyanobacteria; here,

stable, warm, anticyclonic conditions in summer favour Microcystis and Aphanizomenon when
Daphnia production was suppressed (George 2012). Earlier data here had also shown that the
relative numbers of Daphina and Eudiaptomus shifted as cold, calm winters when small flagellates
were relatively abundant gave way mild, windy winters when the phytoplankton community was
dominated by colonial diatoms. This shift, in turn, was triggered by the NAO (George & Hewitt 1999).
In other words, interacting physical changes in temperature and lake mixing driven by the NAO were

11
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linked to interacting changes in phyoplanktonic and zooplanktonic communities.

Despite the complex processes involved, some evidence of climate change effects on lakes in the UK
is emerging and includes:

e changes in algal phenology in the English Lake District, mediated both by temperature gain
(Meis et al. 2009) and advances in stratification (Thackeray et al. 2008), though effects in
some cases may be complicated by changing nutrient concentrations (Feuchtmayr et al.
2012)

e changes in zooplankton phenology locally in Windermere, linked to both increasing
temperature and altered algal phenology (Thackeray et al. 2012)

e changes in zooplankton phenology more generally and coherently across different parts of
Europe, but complicated again by changing nutrient concentrations (Blenkner et al. 2007)

e variations in zooplankton abundance linked to combinations of nutrient concentrations and
factors affecting both algal production and lake stratification (George 2012)

e thermal effects on the recruitment of both perch Perca fluviatilis (Paxton et al. 2004) and
pike Esox Lucius (Winfield et al. 2008) in the English Lake District

e changes in prey use and fish food-web structure in Windermere linked to declining
salmonids and increasing cyprinids (Winfield et al. 2012), with both temperature and
nutrients implicated

In all these cases, further information is needed on the wider consequences of these changes, as
well as clearer identification of the exact processes involved. In some contrast to rivers, mesocosm
experiments are providing additional information, and generally confirming the complex interplay
between climate and nutrients in mediating ecological change in standing waters (eg Feuchtmary et
al. 2010). Similar tools for running waters would be valuable.

Climate change effects on freshwater ecosystems: the bigger picture

Changes of the type described above are probably a partial record of the trends now underway
because of changing climate. Moreover, there are clearly data limitations and uncertainties over
predictions. Nevertheless, the trends described above carry a range of important ramifications.
First, from a conservation perspective, they indicate risks to species, such as Atlantic salmon, which
are not only important economically but also figure in the notification of many European rivers
under the Habitats Directive (92/43/EEC). Climate change also affects directly the wider ecosystem
character of freshwater types that feature in this European Directive as well as in national policy,
such as the UK Biodversity Action Plan (http://www.ukbap.org.uk/). Temperature changes of the
magnitude apparent not only in upland headwaters, but also in lowland, groundwater-fed chalk
streams, might already be having conservation effects (Durance and Ormerod 2007; 2009; 2010).
For example, in English chalk streams, winter temperatures during the last 10 years have begun to
border the upper developmental limit for the eggs of both Salmo trutta and S. salar (Elliott and
Elliott 2010).

12
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Second, climate change poses risks to the ecological restoration and management of lakes and
rivers, for the aims of the EU Water Framework Directive (2000/60/EC). By changing temperature,
changing discharge patterns, and interacting with other pressures on freshwaters, climate change
might affect organisms in ways that hinder progress to “good ecological status”. Examples would be
where increased discharge exacerbated problems from sewage treatment overflows, or where
elevated temperatures, drought and reduced nutrient dilution exacerbated euthropication (Wilby et
al. 2006). In some cases, these effects are likely to have consequences for water resource use — for
example through cyanobacterial blooms (Kosten et al. 2012). However, there is also a potential
opportunity. Climate change was not a major concern when the Water Framework Directive was
being drafted, but it now represents an important policy instrument for reducing adverse effects
from other pressures that would otherwise be exacerbated under warmer conditions with more
variable flow.

Third, the detection of ecological change and status based on freshwater bioassessment might be
confounded by climatic effects, for which exact influences on communities are not yet clear. So far,
these issues have been explored more fully in North America than in Europe. For example, Hamilton
et al. (2010) showed that invertebrate sensitivity to temperature and sensitivity to organic pollution
are significantly correlated, and attempts are now underway to partition warming effects and isolate
changes from other causes (Stamp et al. 2010). The resulting tools are likely to be more effective
where the identification of traits, genera or species are precise enough to reflect warming effects,
discharge effects or both (Lawrence et al. 2010).

Fourth, climate change effects imply potential risks to those ecosystem services for which
freshwaters are most important — not least the provision of water supply, the regulation of flooding
and support for biodiversity both intrinsically and in adjacent ecosystems. At present, knowledge of
interactions among climate change, ecosystem processes in freshwaters and ecosystem service
provision is insufficiently well developed to know exactly how any impairments might arise. Equally,
better knowledge is required to know how to optimise management actions to ensure that
ecosystem services are maintained.

All these issues imply a clear need for considerable deepening of how well climate change effects on
freshwaters and their catchments are understood. We identify the following three research
priorities.

Knowledge gaps and research priorities

Climatic effects on ecological mechanisms and processes
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So far, many indications of climate change effects on freshwater ecosystems are based on
speculation, review or prediction, or from assessments of long-term change that correlate with
either varying discharge or rising temperature. At the very least, there is need to ensure that other
confounding aspects of global change are not responsible for such trends (see Durance and Ormerod
2009). Far more important, there is a clear need to move from describing patterns of change to
understanding the mechanisms responsible. This is a crucial step in predicting and managing effects.
Changes in fundamental freshwater characteristics such as thermal or discharge regime are likely to
cause equally fundamental changes to many ecological processes including community metabolism,
primary production, nutrient cycling, decomposition, litter retention, predator-prey interaction, food
webs, life-history strategy, phenology, altered behaviour, inter-specific competition, the incidence of
parasites or diseases, dispersal or invasion and population genetic composition (Traill et al. 2010).

So far, however, these explicitly ecological and evolutionary aspects of climate change have been
very poorly considered in available research yet could be of pivotal importance. For example, in one
of only of handful of worldwide studies illustrating mechanisms through which climate-change
causes species extinction (Cahill et al. 2013), Durance and Ormerod (2010) showed how inter-
specific competition almost certainly interacted with extreme climatic variation in a local extinction
event in Wales. Climate-change effects on inter-specific interactions and food availability for
organisms may be more widespread than direct physiological effects through thermal tolerance
(Cahill et al. 2013). It is germane, therefore, that Woodward et al. (2010b, c) have drawn attention
to the effects of climate change on the emergent properties of food web character, trophic dynamics
and other network aspects of freshwater systems. At even more basic levels, understanding the
eco-physiological effects of changing temperature, discharge and changing oxygen dynamics is still
limited by data availability in many organisms (Elliott and Elliott 2010; Stamp et al. 2010).

Interacting pressures

A further major dimension of climate change is that effects on freshwaters will arise not only
directly, but also indirectly through the many other process linking atmospheric systems,
catchments, floodplains and riparian zones to freshwater ecosystems. Potential effects of this
nature have been postulated widely, involving the possibilities that climate will have widespread
effects on land use, point- and diffuse-source pollution, eutrophication, acidification, invasive
species, abstraction and a range of other stressors (see Wilby et al. 2006; papers in Ormerod et al.
2010). Effects extend also to interactions between anthropogenic climate change and existing,
large-scale climatic effects such as the Arctic Oscillation, North Atlantic Oscillation and El Nifio that
already cause variations in discharge or temperature in river and lake systems large enough to cause
biological effects (Puckridge et al. 2000; Elliott et al. 2000; Bradley and Ormerod 2001). In any of
these cases, existing stressors or pressures could exacerbate or compound climate change effects;
they could mask or hide climate change effects; or they could act as the indirect pathway through
which climate change effects are expressed. Ironically, this latter case includes instances where land
use change or technological solutions in response to climate change (e.g. renewable energy
generation along rivers) serve to cause problems that are locally at least as large as those caused
climate change (Aprahamian et al. 2010).
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So far, the scientific understanding of interactions between climate change and other pressures is
limited. In some cases, climate change effects have been most detectable at sites where other
problems, such as water quality, are either absent or well understood (e.g. Daufresne and Boet
2007; Dewson et al. 2007; Durance and Ormerod 2007; 2009; Viney et al. 2007). In other cases,
interactions have been revealed between temperature, discharge, stream nutrient dynamics (Caruso
2001, 2002; Hong et al. 2005), habitat availability (Cattaneo et al. 2004), and impaired recovery from
the effects of acid deposition (Durance and Ormerod 2009).

Adaptive management

This is the third major priority, and in many respects is the most crucial and most surprising gap.
Accepting that continued climate change is now inevitable, far better evidence is required from
which to support and develop adaptive strategies that will reduce adverse effects are far as possible.
Again, available knowledge is scant and still largely speculative (e.g. Ormerod 2009; Palmer et al.
2009; Wilby et al. 2010). Principal recommendations for adaptation include: (i) improving
predictions of ecological effects so that ecological effects can be anticipated and managed, while the
most sensitive locations can be protected as far as possible; (ii) reducing the associated stressors
with which climate might interact, such as point or diffuse pollution and abstraction; (iii) increasing
the lengths of river designated for their nature conservation value, targeted for restoration or
included in catchment-sensitive agri-environment aimed at benefits for rivers, riparian zones or river
corridors; (iv) buffering rivers against temperature gain through the use of judicious riparian shading;
(v) maintaining environmental flows in rivers to the extent that desirable organisms and key
biological communities are maintained and functional links with catchments and floodplains are
restored; (vi) increasing ecological resilience and resistance to climate change —i.e. enhancing
features that allow communities of river organisms rivers to withstand climate trends, or to
reorganise and bounce back in ways that sustain natural functions; (vii) improving connectivity
among river basins as well as of the processes within them.

All these cases require a better evidence-base, but understanding is still rudimentary. For example,
the basic characteristics that increase resistance or resilience at genetic, population, community or
ecosystem levels are still poorly understood. This is very unfortunate, because potentially there are
large benefits in all these suggested actions that extend beyond adaptive management for climate
change. A good example is the use of riparian shade. The principles are straightforward and involve
either protecting or planting riparian trees in ways that cool summer thermal regimes
(Broadmeadow et al. 2011). In addition to this thermal damping effect, other generic benefits
include sediment retention and bank stabilisation (Larsen et al. 2009); energetic subsidies provided
by litter and insects (Fausch et al. 2010); increased trophic diversity and increased secondary
production in woodland streams (I. Durance and S. J. Ormerod, unpubl); woody debris and enhanced
habitat heterogeneity (Piegay and Gurnell 1997), and nutrient retention and denitrification (Ranalli
and Macalady 2010). However, in the UK objections to riparian planting are made sometimes by
interest groups for landscape, angling, and sometimes even nature conservation. We suggest that
improved policy instruments, for example linking catchment and riparian restoration to climate
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change adaptation, need better development, underpinned by experimental evidence, and with
benefits that can be demonstrated operationally.

Acknowledgements

Part of this paper is developed from a conference presentation given initially in York (Durance &

Ormerod 2012), considerably augmented here to provide greater coverage of standing waters.

References

Aprahamian MW, Aprahamian CD, Knights AM. 2010. Climate change and the green energy paradox:
the consequences for twaite shad Alosa fallax from the River Severn, U.K. Journal of Fish Biology 77:

1912-1930.

Barlocher F, Seena S, Wilson KP, Williams DD. 2008. Raised water temperature lowers diversity of

hyporheic aquatic hyphomycetes. Freshwater Biology 53: 368-379.

Battarbee, RW, Bennion, H (2012) Using palaeolimnological and limnological data to reconstruct the

recent history of European lake ecosystems: introduction. Freshwater Biology 57: 1979-1985

Beche LA, Connors PG, Resh VH, Merenlender AM. 2009. Resilience of fishes and invertebrates to

prolonged drought in two California streams. Ecography 32: 778-788.

Beche LA, Resh VH. 2007. Short-term climatic trends affect the temporal variability of

macroinvertebrates in California 'Mediterranean' streams. Freshwater Biology 52: 2317-2339.

Blenckner, T, Adrian, R, Livingstone, DM, Jennings, E, Weyhenmeyer, GA, George, DG, Jankowski, T,
Jarvinen, M, Aonghusa, CN, Noges, T, Straile, D, Teubner, K (2007) Large-scale climatic signatures in

lakes across Europe: a meta-analysis. Global Change Biology, 13: 1314-1326

Bonada N, Doledec S, Statzner B. 2007. Taxonomic and biological trait differences of stream
macroinvertebrate communities between Mediterranean and temperate regions: implications for

future climatic scenarios. Global Change Biology, 13: 1658-1671.

16



Ormerod and Durance Freshwater Ecosystems Water Report Card

Boon PJ, Calow P, Petts GE. 1992. River Conservation and Management. John Wiley and Sons Ltd.,
Chichester, 470pp.

Bradley DC, Ormerod SJ. 2001. Community persistence among upland stream invertebrates tracks

the North Atlantic Oscillation. Journal of Animal Ecology 70: 987-996.

Britton JR, Cucherousset J, Davies GD, Godard MJ, Copp GH. 2010. Non-native fishes and climate
change: predicting species responses to warming temperatures in a temperate region. Freshwater

Biology 55: 1130-1141.

Broadmeadow S, Jones JG, Langford TEL, Shaw PJ, Nisbet T. 2011. The influence of riparian shade on
lowland stream water temperatures in southern lowland England and their viability for brown trout.

River Research and Applications, 27: 226-237.

Brown LE, Hannah DM, Milner AM. 2007. Vulnerability of alpine stream biodiversity to shrinking
glaciers and snowpacks. Global Change Biology 13: 958-966.

Burgmer T, Hillebrand H, Pfenninger M. 2007. Effects of climate-driven temperature changes on the

diversity of freshwater macroinvertebrates. Oecologia 151: 93-103.

Cahill, AE, Aiello-Lammens, ME, Fisher-Reid, MC, Hua, X, Karanewsky, CJ, Ryu, HY, Sbeglia, GC,
Spagnolo, F, Waldron, JB, Warsi, O, Wiens, JJ (2013) How does climate change cause extinction?

Proceedings of the Royal Society B- Biological Sciences, 280: Article Number: 20121890

Caissie D. 2006. The thermal regime of rivers: a review. Freshwater Biology 51: 1389-406.

Caruso BS. 2001. Regional river flow, water quality, aquatic ecological impacts and recovery from

drought. Hydrological Sciences Journal 46: 677-699.

Caruso BS. 2002. Temporal and spatial patterns of extreme low flows and effects on stream

ecosystems in Otago, New Zealand. Journal of Hydrology 257: 115-133.

Cattaneo A, Cloutier L, Methot G. 2004. The response of invertebrates in moss and in gravel to water

level fluctuations in a Quebec stream. Archiv fiir Hydrobiologie 161: 21-43.

Chessman BC 2010. Climatic changes and 13-year trends in stream macroinvertebrate assemblages

in New South Wales, Australia. Global Change Biology, 15: 2791-2802.

Chikita KA, Kaminaga R, Kudo |, Wada T, Kim Y. 2010. Parameters determining water temperature of
a proglacial stream: the Phelan Creek and the Gulkana glacier, Alaska. River research and

Applications 26: 995-1004.

17



Ormerod and Durance Freshwater Ecosystems Water Report Card

Clews E, Durance |, Vaughan IP, Ormerod SJ. 2010. Juvenile salmonid populations in a temperate

river system track synoptic trends in climate. Global Change Biology 16: 3271-3283

Cozzetto K, McKnight D, Nylen T, Fountain A. 2006. Experimental investigations into processes
controlling stream and hyporheic temperatures, Fryxell Basin, Antarctica. Advances in Water

Resources 29: 130-153.

Daufresne M, Bady P, Fruget JF. 2007. Impacts of global changes and extreme hydroclimatic events

on macroinvertebrate community structures in the French Rhone River. Oecologia 151: 544-559.

Daufresne M, Lengfellner K, Sommer U. 2009. Global warming benefits the small in aquatic
ecosystems. Processding of the National Academy of Sciences of the United States of America 106:

12788-12793.

Daufresne M, Roger MC, Capra H, Lamouroux N. 2004. Long-term changes within the invertebrate
and fish communities of the Upper Rhone River: effects of climatic factors. Global Change Biology

10: 124-140.

Daufresne M. Boet P. 2007. Climate change impacts on structure and diversity of fish communities in

rivers. Global Change Biology 13: 2467-2478.

Dewson ZS, James ABW, Death RG. 2007. Invertebrate community responses to experimentally
reduced discharge in small streams of different water quality. Journal of the North American

Benthological Society 26: 754-766.

Dokulil, MT, Jagsch, A, George, GD, Anneville, O, Jankowski, T, Wahl, B, Lenhart, B, Blenckner, T,
Teubner, K (2006) Twenty years of spatially coherent deepwater warming in lakes across Europe

related to the North Atlantic Oscillation. Limnology and Oceanography, 51: 2787-2793

Durance |, Ormerod SJ. 2010. Evidence for the role of climate in the local extinction of a cool-water

triclad. Journal of the North American Benthological Society 29: 1367-1378

Durance |. Ormerod SJ. 2007. Climate change effects on upland stream invertebrates over a 25 year

period. Global Change Biology 13: 942-957.

Durance |. Ormerod SJ. 2009. Trends in water quality and discharge offset long-term warming effects

on river macroinvertebrates. Freshwater Biology 54: 388-405.

Eaton JG, Scheller RM. 1996. Effects of climate warming on fish thermal habitat in streams of the

United States. Limnology and Oceanography 41: 1109-1115

18



Ormerod and Durance Freshwater Ecosystems Water Report Card

Elliott JM, Elliott JA. 2010. Temperature requirements of Atlantic salmon Salmo salar, brown trout
Salmo trutta and Arctic charr Salvelinus alpinus: predicting the effects of climate change. Journal of

Fish Biology 77: 1793-1817.

Elliott JM, Hurley MA, Maberly SC. 2000. The emergence period of sea trout fry in a Lake District

stream correlates with the North Atlantic Oscillation. Journal of Fish Biology 56: 208-210.

Elliott JM. 2009. Validation and implications of a growth model for brown trout, Salmo trutta, using

long-term data from a small stream in north-west England. Freshwater Biology 54: 2263-2275.

Fausch KD, Baxter CV, Murakami M. 2010. Multiple stressors in north temperate streams: lessons

from linked forest-stream ecosystems in northern Japan. Freshwater Biology 55: 120-134, Suppl. 1.

Feuchtmayr, H, Moss, B, Harvey, |, Moran, R, Hatton, K, Connor, L, Atkinson, D (2010) Differential
effects of warming and nutrient loading on the timing and size of the spring zooplankton peak: an
experimental approach with hypertrophic freshwater mesocosms. Journal of Plankton Research, 32:

1715-1725

Feuchtmayr, H, Thackeray, SJ, Jones, ID, De Ville, M, Fletcher, J, James, B, Kelly, J (2012) Spring
phytoplankton phenology - are patterns and drivers of change consistent among lakes in the same

climatological region? Freshwater Biology, 57: 331-344

Floury M, Delattre C, Ormerod SJ, Souchon Y (2012) Global versus local change effects on a large

European river. Science of the Total Environment, 441: 220-229

Foley, B, Jones, ID, Maberly, SC, Rippey, B (2012) Long-term changes in oxygen depletion in a small

temperate lake: effects of climate change and eutrophication. Freshwater Biology, 57: 278-289

Fowler HJ, Wilby RL. 2010. Detecting changes in seasonal precipitation extremes using regional
climate model projections: Implications for managing fluvial flood risk. Water Resources Research

46: art. no.-W03525.

George, DG (2007) The impact of the North Atlantic Oscillation on the development of ice on Lake
Windermere. Climatic Change, 81: 455-468

George, DG (2000) The impact of regional-scale changes in the weather on the long-term dynamics

of Eudiaptomus and Daphnia in Esthwaite Water, Cumbria. Freshwater Biology, 45: 111-121

George, DG (2012) The effect of nutrient enrichment and changes in the weather on the abundance

of Daphnia in Esthwaite Water, Cumbria. Freshwater Biology, 57: 360-372

19



Ormerod and Durance Freshwater Ecosystems Water Report Card

Hambler C, Henderson PA, Speight MR 2010. Extinction rates, extinction-prone habitats, and
indicator groups in Britain and at larger scales. Biological Conservation

doi:10.1016/j.biocon.2010.09.004

Hamilton AT, Stamp JD, Bierwagen BG. 2010. Vulnerability of biological metrics and multimetric
indices to effects of climate change. Journal of the North American Benthological Society 29: 1379-

1396.

Hari RE, Livingstone DM, Siber R, Burkhardt-Holm P, Glittinger H. 2006. Consequences of climatic
change for water temperature and brown trout populations in Alpine rivers and streams. Global

Change Biology 12: 10-26.

Hogg ID, Williams DD. 1996. Response of stream invertebrates to a global-warming thermal regime:

An ecosystem-level manipulation. Ecology 77: 395-407.

Hong BG, Swaney DP, Woodbury PB, Weinstein DA. 2005. Long-term nitrate export pattern from
Hubbard Brook watershed 6 driven by climatic variation. Water Air and Soil Pollution 160: 293-326.

Jenkins GJ, Murphy JM, Sexton DMH, Lowe JA, Jones P, Kilsby CG (2009). UK Climate Projections:

Briefing report. Met Office Hadley Centre, Exeter, UK.

Jonsson B, Jonsson N. 2009. A review of the likely effects of climate change on anadromous Atlantic
salmon Salmo salar and brown trout Salmo trutta, with particular reference to water temperature

and flow. Journal of Fish Biology 75: 2381-2447.

Kattel, GR, Battarbee, RW, Mackay, AW, Birks, HIB (2008) Recent ecological change in a remote
Scottish mountain loch: An evaluation of a Cladocera-based temperature transfer-function.

Palaeogeography, Palaeoclimatology, Palaecology, 259: 51-76

Kaushal SS, Likens GE, Jaworski NA, Pace ML, Sides AM, Seekell D, Belt KT, Secor DH, Wingate RL
2010. Rising stream and river temperatures in the United States. Frontiers in Ecology and

Environment. 8, 461-466.

Kennedy RJ, Crozier WW. 2010. Evidence of changing migratory patterns of wild Atlantic salmon
Salmo salar smolts in the River Bush, Northern Ireland, and possible associations with climate

change. Journal of Fish Biology 76: 1786-1805.

Kosten, S, Huszar, VLM, Becares, E, Costa, LS, van Donk, E, Hansson, LA, Jeppesenk, E, Kruk, C,
Lacerot, G, Mazzeo, N, De Meester, L, Moss, B, Lurling, M, Noges, T, Romo, S, Scheffer, M (2012)

20



Ormerod and Durance Freshwater Ecosystems Water Report Card

Warmer climates boost cyanobacterial dominance in shallow lakes. Global Change Biology, 18: 118-

126

Kowalik RA, Cooper DM, Evans CM, Ormerod SJ 2007. Acid episodes retard the biological recovery of
upland British streams from acidification. Global Change Biology 13: 2439-2452.

Langan SJ, Johnston L, Donaghy MJ, Youngson AF, Hay DW, Soulsby C.2001. Variation in river water
temperatures in an upland stream over a 30-year period. Science of the Total Environment 265:195-

207.

Larsen S, Vaughan IP, Ormerod SJ. 2009. Scale-dependent effects of fine sediments on temperate

headwater invertebrates. Freshwater Biology 54: 203-219.

Lassalle G, Crouzet P, Gessner J, Rochard E. 2010. Global warming impacts and conservation
responses for the critically endangered European Atlantic sturgeon. Biological Conservation 143:

2441-2452

Lawrence, JE Lunde, KB Mazor RD, Beche LA, McElravy EP, Resh VH. 2010. Long-term
macroinvertebrate responses to climate change: implications for biological assessment in

Mediterranean-climate streams. Journal of the North American Benthological Society 29: 1424-1440.

Maltby E, Ormerod SJ (2011) Freshwaters - Openwaters, Wetlands and Floodplains. In: The UK
National Ecosystem Assessment Technical Report, pp. 285 295-360. UNEP-WCMC, Cambridge.

McGowan, S, Barker, P, Haworth, EY, Leavitt, PR, Maberly, SC, Pates, J (2012) Humans and climate as

drivers of algal community change in Windermere since 1850. Freshwater Biology, 57: 260-277

Meis, S, Thackeray, SJ, Jones, ID (2009) Effects of recent climate change on phytoplankton phenology
in a temperate lake. Freshwater Biology, 54: 1888-1898

Ormerod SJ, Durance | (2012) Understanding and managing climate change effects on rivers

ecosystems. The Conservation and Management of Rivers, Ed P. Boon and P. Raven, pp 107-121

Ormerod SJ 2009. Climate change, river conservation and the adaptation challenge. Aquatic

Conservation: Marine and Freshwater Ecosystems 19: 609-613

Ormerod SJ, Durance |. 2009. Restoration and recovery from acidification in upland Welsh streams

over 25 years. Journal of Applied Ecology 46: 164-174.

Palmer MA, Lettenmaier DP, Poff NL, Postel SL, Richter B, Warner R. 2009. Climate Change and River

Ecosystems: Protection and Adaptation Options. Environmental Management 44: 1053-1068.

21



Ormerod and Durance Freshwater Ecosystems Water Report Card

Paxton, CGM, Winfield, 1J, Fletcher, JM, George, DG, Hewitt, DP (2009) Investigation of first year
biotic and abiotic influences on the recruitment of pike Esox lucius over 48 years in Windermere, UK.

Journal of Fish Biology, 74: 2279-2298

Paxton, CGM, Winfield, 1J, Fletcher, JM, George, DG, Hewitt, DP (2004) Biotic and abiotic influences

on the recruitment of male perch in Windermere, U.K. Journal of Fish Biology, 65: 1622-1642

Peterson, BJ, Holmes RM, McClelland JW, Vorosmarty CJ, Lammers RB, Shiklomanov Al, Shiklomanov

IA, Rahmstorf S. 2002. Increasing river discharge to the Arctic Ocean. Science 298: 2171-2173.

Piegay, H Gurnell, AM. 1997. Large woody debris and river geomorphological pattern: examples

from SE France and S England. Geomorphology 19: 99-116.

Prudhomme C, Davies H. 2009. Assessing uncertainties in climate change impact analyses on the

river flow regimes in the UK. Part 1: baseline climate. Climatic Change 93: 177-195.

Puckridge, JT Walker, KF Costelloe, JF. 2000. Hydrological persistence and the ecology of dryland

rivers. Regulated Rivers — Research and Management 16: 385-402.

Ranalli AJ, Macalady DL. 2010. The importance of the riparian zone and in-stream processes in
nitrate attenuation in undisturbed and agricultural watersheds - A review of the scientific literature.

Journal of Hydrology 389: 406-415.

Spears, BM, Carvalho, L, Perkins, R, Kirika, A, Paterson, DM (2012) Long-term variation and

regulation of internal phosphorus loading in Loch Leven. Hydrobiologia , 681: 23-33

Spears, BM, Jones, ID (2010) The long-term (1979-2005) effects of the North Atlantic Oscillation on

wind-induced wave mixing in Loch Leven (Scotland). Hydrobiologia, 646: 49-59

Sponseller, RA Grimm, NB Boulton, AJ Sabo, JL. 2010. Responses of macroinvertebrate communities

to long-term flow variability in a Sonoran Desert stream. Global Change Biology 16: 2891-2900.

Stahl K, Hisdal H, Hannaford J, Tallaksen LM, van Lanen HAJ, Sauquet E, Demuth S, Fendekova M,
Jodar, J. 2010. Streamflow trends in Europe: evidence from a dataset of near-natural catchments.

Hydrology and Earth System Sciences 14: 2367-2382.

Stamp JD, Hamilton AT, Zheng L, Bierwagen BG. 2010. Use of thermal preference metrics to examine
state biomonitoring data for climate change effects. Journal of the North American Benthological

Society 29: 1410-1423.

22



Ormerod and Durance Freshwater Ecosystems Water Report Card

Strayer, DL Dudgeon D. 2010. Freshwater biodiversity conservation: recent progress and future

challenges. Journal of the North American Benthological Society 29: 344-358.

Strong, C, Maberly, SC (2011) The influence of atmospheric wave dynamics on interannual variation
in the surface temperature of lakes in the English Lake District. Global Change Biology, 17: 2013-
2022

Thackeray, SJ, Henrys, PA, Jones, ID, Feuchtmayr, H (2012) Eight decades of phenological change for
a freshwater cladoceran: what are the consequences of our definition of seasonal timing?

Freshwater Biology, 57: 345-359

Thackeray, SJ, Jones, ID, Maberly, SC (2008) Long-term change in the phenology of spring
phytoplankton: species-specific responses to nutrient enrichment and climatic change. Journal of

Ecology, 96: 523-535

Thompson, R, Ventura, M, Camarero, L (2009) On the climate and weather of mountain and sub-
arctic lakes in Europe and their susceptibility to future climate change. Freshwater Biology, 54: 2433-

2451

Traill LW, Lim MLM, Sodhi NS, Bradshaw CJA. 2010. Mechanisms driving change: altered species

interactions and ecosystem function through global warming. Journal of Animal Ecology 79: 937-947.

Vaughan, IP, Ormerod, SJ (2012) Large-scale, long-term trends in British river macroinvertebrates.

Global Change Biology, 18:2184-2194

Viney NR, Bates BC, Charles SP, Webster IT. Bormans M. 2007. Modelling adaptive management
strategies for coping with the impacts of climate variability and change on riverine algal blooms.

Global Change Biology 13: 2453-2465.

Weatherley NS, Campbell-Lendrum EW, Ormerod SJ. 1991. The growth of brown trout (Salmo trutta)
in mild winters and summer droughts in upland Wales: model validation and preliminary predictions.

Freshwater Biology 26:121-131.

Webb B, Nobilis F. 2007. Long-term changes in river temperature and the influence of climatic and

hydrological factors. Hydrological Sciences Journal 52: 74-85.

Webb BW, Hannah DM, Moore RD, Brown LE, Nobilis F. 2008. Recent advances in stream and river

temperature research. Hydrological Processes 22: 902-918.

23



Ormerod and Durance Freshwater Ecosystems Water Report Card

Webb BW, Zhang Y. 1997. Spatial and seasonal variability in the components of the river heat

budget. Hydrological Processes 11: 79-101.

Webb BW, Zhang Y. 2004. Intra-annual variability in the non-advective heat energy budget of Devon

streams and rivers. Hydrological Processes 18: 2117-2146.

Wedekind C, Kung C. 2010. Shift of Spawning Season and Effects of Climate Warming on

Developmental Stages of a Grayling (Salmonidae). Conservation Biology 24: 1418-1423.

Wilby RL, Orr H, Watts G, Battarbee RW, Berry PM, Chadd R, Dugdale SJ, Dunbar MJ, Elliott JA,
Extence C, Hannah DM, Holmes N, Johnson AC, Knights B, Milner NJ, Ormerod SJ, Solomon D, Timlett
R, Whitehead PJ, Wood, PJ. 2010. Evidence needed to manage freshwater ecosystems in a changing
climate: Turning adaptation principles into practice. Science of the Total Environment 408: 4150-

4164.

Wilby RL, Orr HG, Hedger M, Forrow D, Blackmore M. 2006. Risks posed by climate change to the
delivery of Water Framework Directive objectives in the UK. Environment International 32: 1043-

1055.

Wilby RL. 2006. When and where might climate change be detectable in UK river flows? Geophysical
Research Letters 33: Article Number L19407

Winfield, 1), Fletcher, JM, Ben James, J (2012) Long-term changes in the diet of pike (Esox lucius), the

top aquatic predator in a changing Windermere. Freshwater Biology, 57: 373-383

Winfield, 1J, Fletcher, JM, James, JB (2008) The Arctic charr (Salvelinus alpinus) populations of
Windermere, UK: population trends associated with eutrophication, climate change and increased

abundance of roach (Rutilus rutilus). Environmental Biology of Fishes, 83: 25-35

Woodward G, Perkins DM, Brown LE. 2010b. Climate change and freshwater ecosystems: impacts
across multiple levels of organization. Philosophical Transactions of the Royal Society B-Biological

Sciences 365: 2093-2106.

Woodward, G Dybkjaer JB, Olafsson JS, Gislason GM, Hannesdottir ER, Friberg N. 2010a. Sentinel
systems on the razor's edge: effects of warming on Arctic geothermal stream ecosystems. Global

Change Biology 16: 1979-1991.

Woodward, G, Benstead, JP, Beveridge, OS, Blanchard, J, Brey, T, Brown, LE, Cross, WF, Friberg, N,
Ings, TC, Jacob, U, Jennings, S, Ledger, ME, Milner, AM, Montoya, JM, O'Gorman, E, Olesen, JM,
Petchey, OL, Pichler, DE, Reuman, DC, Thompson, MSA, Van Veen, FJF, Yvon-Durocher, G. 2010c.

24



Ormerod and Durance Freshwater Ecosystems Water Report Card

Ecological Networks in a Changing Climate. Advances in Ecological Research: Ecological Networks,

42:71-138.

25



Ormerod and Durance Freshwater Ecosystems Water Report Card

Figure 1 Recent temperature trends (1981-2007) in upland Welsh streams (redrawn after
Durance and Ormerod 2007) and a lowland English chalk stream (redrawn after Durance and
Ormerod 2009) before and after accounting for the effects of the North Atlantic Oscillation (see

Ormerod 2009).
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Abundance

Figure 2. Three examples of biological trends consistent with warming effects in rivers: a)
Decline in the catch per unit effort of two cool-water fish species during a period of warming in
the Rhone system, France, from 1979-1999 (Daufresen et al. 2004); b) Decline in the mean
abundance of aquatic invertebrates in two upland streams in the Tywi system, Wales, with
increasing winter temperature over a 25 year period (1981-2005) (Durance and Ormerod, 2007);
and c) Increases in the odds of capturing warm-water invertebrate families (i.e. those of high
thermophily) in streams in New South Wales with sampling date over a 13 year period (1994-
2007) (after Chessman 2009)
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