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CHAPTER 7.3

Climate change and freshwater fisheries

Chris Harrod

Instituto de Ciencias Naturales Alexander Von Humboldt, Universidad de Antofagasta, Antofagasta, Chile

Abstract: Climate change is among the most serious environmental challenge facing humanity and the ecosystems that provide
the goods and services on which it relies. Climate change has had a major historical influence on global biodiversity and will
continue to impact the structure and function of natural ecosystems, including the provision of natural services such as fisheries.
Freshwater fishery professionals (e.g. fishery managers, fish biologists, fishery scientists and fishers) need to be informed
regarding the likely impacts of climate change. Written for such an audience, this chapter reviews the drivers of climatic change
and the means by which its impacts are predicted. It details observed and future predicted effects of climate change on freshwater
ecosystems across Arctic, temperate and tropical climatic zones and highlights those areas where data are currently limiting our
understanding of how and if climate change is affecting freshwater fisheries. Observed and predicted consequences of climatic
change on the ecology of freshwater fishes are examined at different levels of biological organization, including individual,
population, community and ecosystem levels, and future scenarios are discussed. The chapter examines the likely impacts of such
changes on the exploitation and management of freshwater fishes across recreational, artisanal and commercial fishery sectors,
including observations on the vulnerability of fishers themselves to climate change.

Keywords: rivers, lakes, future climates, water temperature, precipitation, river flow, emission scenarios, Arctic, temperate,

subtropical, tropical, fisheries yield, fishers

Introduction

Climate change is among the most serious environmental
challenge facing humanity and the ecosystems on which it
relies (Vitousek, 1994; Parry et al., 2007). There is a strong sci-
entific consensus (Cook et al., 2013) that climate change is not
only real but that it has (Trenberth et al., 2007; Blunden &
Arndt, 2013) and will continue to have a major global impact
(Walther et al., 2005; Rosenzweig et al., 2008), including spe-
cies extinctions and extirpations (Xenopoulos et al., 2005),
changes in the seasonality of important ecological events
(Ahas & Aasa, 2006; Thackeray et al., 2010), effects on the pro-
vision of natural goods and services (O'Reilly et al., 2003;
Millennium Ecosystem Assessment, 2005; Fischlin et al., 2007)
and even conflict between groups of humans (Hsiang et al.,
2013). These impacts will extend to freshwater ecosystems,
e.g. warming (Adrian et al., 2009; Schneider & Hook, 2010),
and organisms across all levels of biological organization
(McCullough et al., 2009; Woodward et al., 2010), with result-
ing effects on the freshwater fisheries that provide food, employ-
ment and recreation worldwide (Holmlund & Hammer, 1999;

Welcomme, 2001). The effects of climate change have probably
been acting for several decades and, like other overlooked
sources of ecosystem degradation (Hermoso & Clavero, 2013),
have probably affected our understanding of ‘baseline’ condi-
tions in freshwater ecosystems (Noges et al., 2007; Logez &
Pont, 2013) and of fundamental life history traits in freshwater
fishes (Crozier & Hutchings, 2014).

Global mean surface temperatures have increased by
¢. 0.75°C (probable range: 0.56-0.92°C) over the past century,
with the rate of change increasing from the 1970s (Trenberth
et al., 2007). Warming has also been recorded from freshwater
ecosystems worldwide (Webb, 1996; Nicholson, 2001; Vollmer
et al., 2005; Rosenzweig et al., 2007a; Bates et al., 2008; Lough
& Hobday, 2011). Warming will continue even if emissions
are controlled, due to inertia in the climate system. Estimates
of the rate and scale of change differ between models, but
by 2100, global air temperatures may be 6.4°C above current
temperatures (Christensen et al., 2007; Meehl et al., 2007),
resulting in climatic conditions unprecedented in recent
geological time (Solomon et al., 2007; Williams et al., 2007).
The scale of change is such that air temperatures once
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considered as extreme (e.g. heatwaves) will rapidly (by mid-
century) become normal (Mora et al., 2013). Furthermore,
unprecedented climatic conditions will occur first in the
tropics and among low-income countries where freshwater
fisheries provide an important source of income and protein
(Welcomme et al., 2010).

There is some evidence that the rate of change in global
surface temperatures has slowed recently; however, other
indicators of climatic change continue to show that global tem-
peratures continue to rise in the atmosphere as well as terrestrial
and aquatic systems (Blunden & Arndt, 2013). Furthermore,
there is growing evidence that the number and intensity of some
extreme climatic events such as droughts, floods and heavy
precipitation have recently increased (Trenberth et al., 2007).
Biological systems have responded to this climatic change: over
the 20-140 years prior to their study, Parmersan and Yohe
(2003) reported that c. 60% of the 1598 terrestrial, freshwater or
marine species they examined displayed measurable changes in
their phenologies and distributions, a period when the world
warmed on average only by a relatively small amount (0.75°C).

Freshwater ecosystems are considered as sensitive indicators
of climate change (Adrian et al., 2009; Jeppesen et al., 2010a),
and freshwater taxa may be most at risk of extinction due to
climate change (Millennium Ecosystem Assessment, 2005).
Clearly, fish biologists, fishery managers and fishery scientists
(fishery professionals) need to consider climate change in their
activities, policies and future management (Daw et al., 2009;
Link et al., 2011; Peterson et al., 2013). Aquatic resource man-
agement has long been based on the principle that the future
behaviour of a particular ecosystem can be predicted from its
past characteristics (Kundzewicz et al., 2008). As climate change
impacts fresh waters, freshwater fishes and fishers alike (Sharp,
1987), we face unknowable risks and probably surprises, with
unprecedented climatic conditions (Williams et al., 2007) and
new species interactions, e.g. as species invade (Britton et al.,
2010) or are intentionally introduced (Povlsen, 1993). As the
climate and fish communities change, novel interspecific
interactions will result that have no current analogue (Williams &
Jackson, 2007), and the assumption regarding past behaviour
will probably become less valid, requiring new thinking by fishery
professionals, fishers and the wider community (Tompkins &
Adger, 2004; Russell et al., 2012; Peterson et al., 2013).

The consequences of climate change are manifold and
complex (Parry et al., 2007), but have been largely perceived by
the public as changes in average global air temperatures
(Trenberth et al., 2007). During the period of recent warming,
terrestrial regions have warmed faster than the oceans, with
subsequent associated increases in water temperatures in lakes,
rivers and wetlands worldwide (Kundzewicz et al., 2007) reflecting
the often strong relationship between air and water temperature
in freshwater ecosystems (Caissie, 2006; Arai, 1981) that are
already subject to a series of non-climate stressors such as
eutrophication, over-abstraction of water, habitat degradation
and invasive species (Carpenter et al., 2011).

Apart from changes in air and water temperatures (Trenberth
et al., 2007), climate change has modified the global hydrological
cycle (Trenberth et al., 2007; Kundzewicz et al., 2008), resulting in
changes in the timing, type and intensity of precipitation. During
the 20th century, precipitation over land has generally increased
between latitudes 30°N and 85°N, while over the past 30-40 years,
it has decreased in latitudes between 10°S and 30°N (Bates et al.,
2008), with a 50% reduction in precipitation in central Chile
recorded in the second half of the 20th century (Magrin et al.,
2007). This in turn has impacted run-off, river discharge and
groundwater recharge, leading to subsequent changes in the avail-
ability of water. This will become increasingly intensified in the
future, and at a global level, precipitation and evaporation will
increase (Solomon et al., 2007). The impacts of climate change,
however, will not be homogeneous across the earth’s surface
(Arnell, 1999; Baettig et al., 2007; Kundzewicz et al., 2008).
Current predictions (Kundzewicz et al., 2007; Trenberth et al.,
2007) indicate that by the end of the current century, climate
change will be particularly marked in the most northern of
latitudes and the tropics (Baettig et al., 2007). Precipitation (and
associated river run-off and water availability) will markedly
increase in northern latitudes but decrease in the arid regions
already suffering water stress, such as the dry tropics and temper-
ate regions (van Vliet et al., 2013). As air temperatures increase,
so will evaporation rates, resulting in water availability being
further reduced (Junk, 2002). Furthermore, continued human
modifications of catchment hydrology (reservoirs, extraction
and changes in land use) will enhance the already considerable
natural variability in river flow (Kundzewicz et al., 2007).

Climate has naturally varied greatly over geological time
(Crowley, 1983) with fundamental biological effects (Grimm
et al., 2013). A core assumption of biogeographical theory is that
as a feature of the natural world, climate has and continues to
influence the distribution and suitability of habitats (Carpenter et
al., 1992; Kutzbach et al., 1998), which in turn have driven the
distribution and dispersal of species (Pearson & Dawson, 2003)
and influenced speciation patterns (Sturmbauer et al., 2001; April
et al., 2013; Macqueen & Johnston, 2014). Further climate change
will have a strong controlling effect on freshwater ecosystems,
communities, species and individual organisms in the future
(Levitus et al., 2000; Parmesan & Yohe, 2003; Root et al., 2003),
as well as for those societies and individuals whose activities rely
on those ecosystems and species (Holmlund & Hammer, 1999;
Meyer et al., 1999; Millennium Ecosystem Assessment, 2005).
This chapter examines the impacts of climate change on fresh-
water fishes and their fisheries, including commercial, artisanal
and recreational fisheries.

Fishes, as individuals, populations or communities, experience
climate through seasonal and daily variation in water tempera-
ture, winds, currents and precipitation (Ottersen et al., 2001). In
environments where such abiotic conditions display strong and
predictable seasonality, the timing of key components of the life
cycle of resident taxa is often associated with certain conditions
(Shuter & Post, 1990; Bryant, 2009), e.g. temperature in temperate



regions or precipitation or water levels in tropical regions
(Lewis, 2000; Latrubesse et al., 2005). Climate change has and
will continue to modify abiotic conditions encountered by fishes
and, as such, has significant implications for freshwater fisheries
(Ficke et al., 2007; Graham & Harrod, 2009).

The influence of climate acts on fishes through a wide range
of processes, both directly through metabolic and reproductive
processes and indirectly through phenology, prey, predators and
competitors (Graham & Harrod, 2009). The importance
of climatic variation as a driver of freshwater fish population
dynamics and exploitation has long been recognized (Shuter et al.,
1980; Schlesinger & Regier, 1982; Casselman, 2002). Although
less marked than the effects reported from terrestrial habitats,
climate change has already impacted globally important freshwa-
ter fisheries, e.g. in the African Great Lakes (O’Reilly et al., 2003;
Vollmer et al., 2005; Tierney et al., 2010), and will continue to
affect freshwater fisheries worldwide, albeit in different ways and
intensities, reflecting geographical location and the intensity of
multiple other non-climate stressors. These non-climate stress-
ors are also driven by human activities (Pereira et al., 2010) and
include invasive species, changes in land use, pollution, hydro-
logical regulation, over-extraction of water and over-exploitation
of resources including overfishing (Malmqvist et al., 2002; Allan
et al., 2005; Millennium Ecosystem Assessment, 2005;
Nilsson et al., 2005; Carpenter et al., 2011). Due to interactions
between climate change and these non-climate stressors, there
is concern that climate change will act as an amplifier of these
impacts (Whitehead et al., 2009; Warren et al., 2011).

Climate change and its impacts on freshwater fishes and
fisheries have been discussed by fish biologists for almost four
decades (Meisner et al., 1987; DeAngelis & Cushman, 1990;
Magnuson et al., 1990; Meisner, 1990; Shuter & Post, 1990;
Tonn, 1990; Maitland, 1991; McDowall, 1992; Meisner & Shuter,
1992; Shuter & Meisner, 1992; Hlohowskyj et al., 1996). Its
importance is officially recognized: statutory agencies across the
world include climate change as a principal area of concern,
while international and national funding agencies increasingly
support research into climate change. The importance of climate
change impacts on fisheries has been recognized by the Food
and Agriculture Organization (FAO) of the United Nations
(Sharp, 2003; Cochrane et al.,2009), while the Intergovernmental
Panel on Climate Change (IPCC) includes reference to freshwater
fisheries in their assessment reports (Kundzewicz et al., 2007;
Parry et al., 2007), and the interested reader is directed there
(and subsequent IPCC reports) for more information.

Freshwater fisheries

Freshwater fisheries are found on all continents but Antarctica,
and fishes are exploited in waters ranging from the largest rivers
(Welcomme, 1985; Junk et al., 2007) and lakes (Evans, 2007)
through to the streams, small ponds and wetlands that make large
contributions to global fish production relative to their size
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(Welcomme et al., 2010). Freshwater fisheries differ from the
marine fisheries that dominate fisheries science in terms of scale
(FAO Fisheries and Aquaculture Department, 2012), function
(e.g. trophic level) (Pauly ef al., 2002) and the natural and anthro-
pogenic drivers that drive them (Welcomme et al., 2010), although
the total number of people involved in freshwater fisheries may be
larger, e.g. in the developing world (Welcomme et al., 2010).
Freshwater fisheries provide a range of important ecosystem
goods and services to human populations (Holmlund & Hammer,
1999; Welcomme, 2001) including provision of food, employ-
ment and recreation through commercial, artisanal, subsistence
and recreational fisheries (Allison et al., 2009; Welcomme, 2011;
Nelson et al., 2013), and each sector differs in their vulnerability
and ability to adapt to climate change. Furthermore, the focus of
fisheries typically varies according to the relative level of develop-
ment of a particular region (Welcomme et al., 2010).

Generally, fisheries in developing countries are seen as a
means to provide food, while fisheries in developed or transi-
tional countries are largely focused on recreation and conserva-
tion, although non-recreational fisheries continue to operate in
these regions (Welcomme et al, 2010). Freshwater fisheries
across the globe make significant economic and social contribu-
tions (Daw et al., 2009) but are less dominated by large-scale
intensive commercial fisheries compared to marine fisheries,
with a greater contribution of local- or family-level operations
(Welcomme et al., 2010). Fishing activities often play only a part
in the livelihood strategy of many freshwater fishers (Allison
et al., 2001; Wrona et al., 2005; Badjeck et al., 2010), many of
whom are involved in other activities such as farming (Neiland
et al., 2000a; Welcomme et al., 2010).

The FAO of the United Nations estimated that in 2011 the
total global capture production of fish from inland waters in
2011 was 11.5x10°t (cf. 78.9x10°t from marine habitats), an
increase of >30% since the early 2000s (FAO Fisheries and
Aquaculture Department, 2012), with catches increasing annu-
ally (Welcomme et al., 2010; Welcomme, 2011). These figures are
probably underestimates and highlight the pressures placed on
freshwater fisheries by an ever-growing world population. In
large parts of the world, freshwater fisheries dominate the supply
of animal protein to human populations, e.g. Africa (Allison et al.,
2001) where large fisheries exist (2010 estimate=2567427t),
largely in the African Great Lakes as well as productive river fish-
eries in Nigeria and Egypt and wetland and lake and reservoir
fisheries in the Sahel (Neiland, 1992). The FAO (2012) noted
that the recent growth in inland catch was associated with
Asian countries including India, China and Myanmar and that
70 % of global production is from Asia.

Climate change and freshwater fisheries

There is a large (and rapidly growing) literature examining how
climate change will affect fresh waters, fish and fisheries. The level
of output recently led Moss (2012) to refer to the situation as a
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cottage industry producing ever-increasing numbers of scientific
articles. The implications of climate change for fisheries has been
examined particularly thoroughly in marine systems, and this is
reflected in a strong bias to marine fisheries in the climate change
literature (Hennessy et al., 2007). There is a large and growing
literature, however, on the probable impacts of climate change on
freshwater ecosystems (George, 2010; Kernan et al., 2010; Goldman
et al, 2013) and fishes, with numerous reviews (Magnuson &
Destasio, 1997; Magnuson et al., 1997; Ficke et al., 2007; Comte
et al., 2013) focusing on a range of different geographical locations
(McDowall, 1992; Hlohowsky;j et al., 1996; Meyer et al., 1999;
Schindler, 2001; Mooij et al., 2005; Graham & Harrod, 2009;
Thieme et al., 2010; Bell et al., 2011; Koehn et al., 2011; Pratchett
et al., 2011; Goldman et al., 2013), habitat types (Carpenter et al.,
1992; Xenopoulos et al., 2005; Caissie, 2006; Jeppesen et al., 2010a;
Schneider & Hook, 2010; Dell et al., 2013; Dokulil, 2013), biomes
(Filipe et al., 2012; Reist et al., 20064, b) or particular life history
strategies, e.g. diadromous taxa (Bryant, 2009; Lassalle & Rochard,
2009). As generally seen in the literature (Kundzewicz et al., 2007),
there is an extreme bias towards studies from temperate North
America and Europe (Comte et al., 2013; Vincent et al., 2013).
There are very few reliable data from the southern hemisphere
(Welcomme et al., 2010; Comte et al., 2013) or the productive
and speciose tropics (Hlohowskyj et al., 1996).

Climate change

What is climate?

It is important to clarify what is meant by climate, as there is a
common misunderstanding regarding climate and weather.
Weather is typically considered to represent the day-to-day state
of the atmosphere, as described using normal metrological indi-
cators, e.g. air temperature and precipitation. Climate goes
beyond this and reflects the long-term (e.g. 30 years) average
weather that can be expected for a particular geographical loca-
tion. As such, climate change can be considered as shifts in these
long-term averages.

Natural climatic variation: time and space

The impacts of climate change on freshwater fisheries will differ
depending on geographical location reflecting how climate var-
ies globally. The principal global climatic gradient reflects latitu-
dinal differences in the level of solar radiation striking the earth
(Schultz, 2002; Solomon et al., 2007). This affects the relative
warmth and precipitation falling on a particular location, with
equatorial regions receiving maximum concentrations of solar
radiation (Schultz, 2002; Solomon et al., 2007). The climate at a
particular location, however, is further influenced by a number
of additional factors. Oceanic-atmospheric circulation affects air
temperature and precipitation and can lead to regions encoun-
tering an atypical climate for a given latitude, e.g. the British Isles
are located at a relatively northern latitude (49°-61°N), but the
North Atlantic Drift prevents the climatic extremes more typical

of these latitudes (Barrow & Hulme, 1997; Hulme & Barrow,
1997). In temperate regions, the dominant annual climate cycle
that drives changes in freshwater ecosystems is air temperature,
while in the tropics, air temperatures remain relatively constant
(and high), as does day length, but the principal cycle affecting
freshwater ecosystems is precipitation (Meisner & Shuter, 1992),
with variation in wind also being important, e.g. for lakes
(Lowe-McConnell, 1987). Local geomorphological patterns can
further disrupt the predictable latitudinal patterns in average
temperature, precipitation and wind strength (Schultz, 2002).
For example, cold highland areas found in the tropics are
climatically similar to highland environments in temperate
regions. Due to the controlling relationship between climatic
variables and the environmental tolerances of different taxa, the
global distribution of terrestrial biomes reflects geographical
differences in climate (Kutzbach et al., 1998; Schultz, 2002).

The sensitivity of ecosystems to climatic change is highlighted
by a growing body of work revealing ecological responses at a
range of levels of biological organization to large-scale natural
climatic cycles [e.g El Nifio Southern Oscillation (ENSO),
North Atlantic Oscillation (NAQO) and Arctic Oscillation (AO)]
(Trenberth et al., 2007) with large-scale effects reported from
marine fishes and fisheries (Ottersen et al., 2004; Stenseth et al.,
2003; Lehodey et al., 2006; Defeo et al., 2013). These cycles also
influence diadromous fishes (Elliott et al., 2000; Friedland et al.,
2003; Jonsson & Jonsson, 2004). Freshwater ecosystems, e.g.
rivers (Amarasekera et al., 1997; Enfield et al.,, 2001), lakes
(Blenckner et al., 2007) and taxa (Straile et al., 2003; Blenckner
et al., 2007), are also sensitive to natural climatic cycles such as
ENSO or NAO, particularly at lower trophic levels (Straile et al.,
2003; George et al., 2004). Although some evidence for similar
responses in freshwater fishes exists (Ahas & Aasa, 2006; Blanco
et al., 2007; Nunn et al., 2007; Rypel, 2009), it is much less
marked than that seen in marine fishes (Stenseth et al., 2004).

Future climates: what to expect

Throughout the history of the earth, climate has changed, with
associated impacts, including the loss and gain of different habi-
tats (Kutzbach et al., 1998). For instance, in previous geological
epochs, large freshwater palaeolakes covered large areas of what
are now deserts in North Africa and South America (Sylvestre
et al., 1999; Battarbee, 2010). Natural climatic variation results
from a range of natural drivers including volcanic eruptions,
changes in solar output and natural changes in the orbital
characteristics of the earth (Hulme & Barrow, 1997). There is
now convincing evidence, however, for a growing anthropogenic
influence on global climate. The global industrial economy
supported by carbon-based fuels has led to marked alteration of
the properties of the earth’s atmosphere, with increased concen-
trations of several key atmospheric gases, e.g. carbon dioxide
(CO,), methane (CH,) and water vapour (H,O), following
human activities, e.g. industrial and agricultural activities,
deforestation and the burning of fossil fuels (Solomon et al.,
2007). These so-called greenhouse gases are naturally present in



the atmosphere and are essential for much life on earth, as
without them atmospheric temperatures would be c¢. 30°C
colder than they are today (Ruddiman, 2001). The greenhouse
gases allow short-wave radiation from the sun to pass through
the atmosphere and heat the earth and also to retain some of the
radiation that is subsequently emitted from the warmed surface
of the earth (Kiehl & Trenberth, 1997). Anthropogenic emis-
sions are such, however, that they have increased greenhouse gas
concentrations to levels greater than at any time in the preceding
650000 years (Siegenthaler et al., 2005), e.g. at the time of
writing, global atmospheric CO, concentrations sit close to
400ppm (Blunden & Arndt, 2013). This has resulted in an
enhanced greenhouse effect, with a subsequent warming and a
non-linear increase in global air and ocean temperatures, as well
as widespread melting of snow and ice (Karl & Trenberth, 2003;
Solomon et al., 2007). Average global air temperatures have
increased by c. 0.75°C in the past 100 years (Trenberth et al.,
2007), with northern latitudes showing relatively greater warming
than other regions.

Emissions of greenhouse gases continue to rise, and there is a
large ongoing effort to characterize climate change, its drivers,
probable future scale and impacts on humans and the ecosys-
tems on which they rely. Although workers from a range of
backgrounds are actively publishing their work on climate
change (Blunden & Arndt, 2013), global efforts are centralized
through the IPCC (http://www.ipcc.ch), an organization first
established by the United Nations Environment Programme
and the World Meteorological Organisation in 1988. Its remit
is to provide information on the current state of knowledge
regarding climate change and its potential environmental and
socio-economic impacts, typically provided through periodic
assessment reports. The First Assessment Report (FAR) was
published in 1990 (IPCC, 1990), and the most recent, the Fourth
Assessment Report (AR4), was published in 2007. AR4 included
reports from different working groups examining the physical
science basis (Solomon et al., 2007), the impact, adaptation and
vulnerability (Parry et al., 2007), and mitigation of climate
change (Metz et al., 2007) and a synthesis report (IPCC, 2007).
A fifth report (ARS5) is to be published in 2013-2014. These
reports provide a useful means by which the interested non-
expert can gain a rapid understanding of the current issues
regarding climate change: for example, AR4 includes chapters
detailing observed changes and responses to climate change
(Rosenzweig et al., 2007b), descriptions of the physical basis of
climate change in fresh waters (Trenberth et al., 2007) as well as
the implications of climate change on fresh waters (Kundzewicz
et al., 2007). Furthermore, Parry et al. (2007) includes chapters
focussing on different regions of the earth where freshwater
habitats and fisheries are considered.

In order to understand the probable impacts of climate change
on fisheries (and other components of the human and natural
worlds), an understanding of future climatic conditions is required
(Solomon et al., 2007; Skeffington et al., 2010). This is usually done
through the use of mathematical models that range in complexity
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(Meehl et al., 2007): the interested reader is directed to Hobday
and Lough (2011) and Wilsey et al. (2013) for excellent reviews of
climate modelling written from a fisheries perspective. Climate
modelling is typically done through the use of coarse-resolution
numerical models referred to as global circulation models (GCMs).
These mechanistic models of the climate system are based on
physical processes in the atmosphere, ocean, land surface and the
cryosphere and represent a powerful means of predicting future
climate under different scenarios at a coarse (c. 270 x 270km) geo-
graphical resolution. Results can be downscaled to a more usa-
ble resolution to allow modelling and predictions at a finer
resolution, through a number of downscaling methods, e.g. by
dynamic downscaling, which nests regional climate models
(RCMs) within GCMs, or through statistical downscaling where
empirical relationships between local- and wider-scale conditions
are used to predict future climatic conditions. Downscaling allows
predictions to be made at a scale useful for those interested in
regional-, catchment- or local-level management (Skeffington
et al., 2010; Hobday & Lough, 2011). By combining RCMs with
ecosystem models such as those developed for lakes, it is possible
to predict the future response of lakes to climate change, in terms
of thermal response, lake hydrodynamics, nutrient dynamics and
phytoplankton biomass and community structure (Blenckner
et al., 2010; Jones et al., 2010).

Typically, climate models are run under a range of different
scenarios (Nakicenovic & Swart, 2000; Moss et al., 2010) that
reflect alternative potential futures (e.g. different concentrations
of greenhouse gases) including both qualitative and quantitative
components. Such scenarios allow climate scientists to provide
predictions of future conditions, e.g. warming, under different
levels of emissions and economic growth, with the IPCC using
four main scenarios for AR4 (Solomon et al., 2007). Models
become increasingly refined and scenarios evolve over time, and
new radiative forcing-based scenarios will be used in AR5 that
will also reflect the probable effects of mitigation and adapta-
tion: they will also provide increased resolution for the period
reflecting the next few decades (Moss et al., 2010).

Climate models vary greatly in their complexity, scope and
capacity to represent features of the natural world, e.g. small
lakes (MacKay et al., 2009), and have become increasingly com-
plex as processes known to influence climate are added and as
the demands of end users increase (Randall et al., 2007). Climate
models are inherently uncertain and include a cascade of uncer-
tainties that vary from the particular emission scenario used
through to responses by biogeochemical cycles and errors
driven by downscaling from global to regional models or even
catchment levels (Skeffington et al, 2010). Although these
increase uncertainty in the probable range of possible impacts,
such models are useful means to understand future changes,
especially when the results of multiple models are combined to
provide multi-model ensemble projections (Hamilton, 2010).
Recent assessments indicate that the predictions for global tem-
perature from the first IPCC assessment report (IPCC, 1990)
have largely been observed (Frame & Stone, 2012).
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Predicted changes in climate
AR4 includes detailed estimates of future climate change
including predicted shifts in surface air temperature
(Table 7.3.1) and precipitation (Table 7.3.2), and the inter-
ested reader is directed to the relevant sections for either
global (Meehl et al.,2007) or regional summaries (Christensen
et al., 2007; Parry et al., 2007). Although predictions vary
according to scenario, average global air temperatures are
likely to increase (relative to the period 1980-1999) between
1.1 and 6.4°C by the end of the 21st century, and warming is
predicted to be greatest over northern latitudes, and the cry-
osphere is predicted to contract (Lemke et al., 2007). Many
models show relatively similar predictions in terms of the
direction of temperature change but are less clear in terms of
precipitation and the subsequent availability of water (Meehl
et al., 2007). Precipitation patterns, however, are predicted to
change, with increased risk of heavy precipitation and other
extreme events in the future. Precipitation is thought to
generally increase in northern latitudes, but to decrease over
most subtropical areas (Table 7.3.2; Meehl et al., 2007;
Christensen et al., 2007).

In terms of those involved in freshwater fisheries, the
usefulness of climate change model outputs varies between
models and regions, largely reflecting the regional quality of

climate science. In some areas, general information is available
in the form of figures or maps indicating past or probable
future changes in the climatic variable of choice (http://www.
ipcc-data.org/ddc_visualisation.html) or long-term average
data (Hijmans et al., 2005). More detailed information may be
missing or present in a form that is not accessible for non-
specialists: in these cases, the interested individual may think
of contacting experts working in the field. Increasingly, past
climate data (http://www.ipcc-data.org/; http://www.esrl.
noaa.gov/psd/data/gridded/) and detailed climate model
outputs are freely available, e.g. in the United Kingdom
(http://ukclimateprojections.defra.gov.uk) and  Australia
(http://www.csiro.au/ozclim/home.do). These allow detailed
indicative climatic variables to be downloaded for a given
location and emission scenario, typically as probabilistic esti-
mates of change (e.g. per cent change in precipitation or
changes in air temperature). The probability of more complex
climatic scenarios with relevance to freshwater fisheries can
be predicted through the use of so-called weather generators
(Jones et al., 2009, Wilks, 2010), for example, the probability
of certain weather events occurring that may lead to stress or
even mortality for certain sensitive fishes, e.g. periods of high
temperature and low rain during future summers (Brooker
etal., 1977).

Table 7.3.1 Variation in predicted air temperatures for the period 2080 to 2099 relative to the period 1980 to 1999 based on a set of 21 global models
in the multi-model data set for the IPCC A1B scenario (Christensen et al., 2007). Estimates are presented as median (interquartile range) annual, December
to February (DJF, northern winter and austral summer) and June to August (JJA, northern summer and austral winter) changes in air temperature

Region Annual

DJF JA

Arctic, boreal and highland

Alaska 4.5°C (3.7-5.2°C

Eastern Canada, Greenland and Iceland

Northern Asia
Tibetan Plateau
Temperate
Northern Europe

Southern Europe and Mediterranean

Central Asia

Western North America
Central North America
Eastern North America
Southern South America

Southern Australia

Tropical and subtropical

West Africa
East Africa
Southern Africa
Sahara

East Asia

South Asia
Southeast Asia
Central America
Amazonia
Caribbean

)
4.3°C (3.5-5.0°C)
4.3°C (3.4-5.3°C)
3.8°C (3.2-4.5°C)

3.2°C (2.7-4.6°C)
3.5°C (3.0-4.0°C)
3.7°C (3.2-4.4°C)
3.4°C (2.9-4.1)
3.5°C (3.0-4.4°C)
3.6°C (2.8-4.3°Q)
2.5°C (2.3-3.1°Q)
2.6°C (2.4-2.8°C)

3.3°C (2.7-3.6°C
3.2°C(2.5-3.4°C
3.4°C (2.9-3.7°C
3.6°C (3.2-4.0°C
3.3°C (2.8-4.1°Q)

(

(

(

(

(

3.3°C (2.7-3.6°C)
2.5°C (2.2-3.0°C)
3.2°C (2.6-3.6°C)
3.3°C (2.6-3.7°C)

2.0°C (1.8-2.4°C)

6.3°C (5.6-7.5°C)
5.9°C (5.2-7.2°C)
6.0°C (4.8-6.6°C)
4.1°C (3.7-4.9°C)

4.3°C (3.6-5.5°C)
2.6°C (2.5-3.3°C)
3.2°C (2.6-3.9°0)
3.6°C (3.1-4.4)

3.5°C (2.9-4.2°C)
3.8°C (3.1-4.6°C)
2.7°C (2.5-3.3°Q)
2.7°C (2.4-3.2°Q)

3.0°C (2.7-3.5°Q)
3.1°C (2.6-3.4°C)
3.1°C (2.7-3.4°Q)
3.2°C (2.9-3.5°Q)

3.6°C (3.1-4.4°C)
3.6°C (3.2-3.9°C)
2.5°C(2.1-2.9°Q)
2.6°C (2.2-3.5°C)
3.0°C (2.4-3.7°C)
2.1°C(1.8-2.4°C)

2.4°C (1.8-3.8°C)
2.8°C (2.1-3.7°C)
3.0°C (2.7-4.9°C)
4.0°C (3.2-4.7°C)

2.7°C (1.9-3.3°C)
4.1°C (3.7-5.0°C)
4.1°C (3.7-4.9°C)
3.8°C (3.2-4.7)

4.1°C (3.1-5.1°C)
3.3°C (2.6-4.3°C)
2.4°C (2.1-2.8°C
2.3°C (2.0-2.5°Q)

3.2°C(2.7-3.7°Q)
3.4°C (2.7-3.6°C)

3.4°C (3.0-3.6°C)
4.1°C (3.6-4.4°C)
3.0°C (2.5-3.9°0)
2.7°C(2.2-3.2°Q)
2.4°C (2.2-2.9°Q)
3.4°C (2.7-3.6°C)
3.5°C (2.7-3.9°C)
2.0°C (1.8-2.4°C)

Data from Christensen et al. (2007).
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Table 7.3.2 Projected shifts in average precipitation for the period 2080 to 2099 relative to the period 1980 to 1999 based on a set of 21 global models in
the multi-model data set for the IPCC A1B scenario (Christensen et al., 2007). Estimates are presented as median (interquartile range) annual, December to
February (DJF, northern winter and austral summer) and June to August (JJA, northern summer and austral winter) percentage changes in precipitation

Region Annual

DJF

JA

Arctic, boreal and highland

Alaska 21% (13-24%)
Eastern Canada, Greenland and Iceland 15% (12-20%)
Northern Asia 15% (12-19%)
Tibetan Plateau 10% (2-13%)
Temperate

Northern Europe 9% (6-11%)
Southern Europe and Mediterranean -12% (-16-9%)
Central Asia 3% (—6-2%)
Western North America 5% (0-9%)
Central North America 3% (-3-7%)
Eastern North America 7% (5-10%)
Southern South America 3% (-1-5%)
Southern Australia 4% (-13-3%)
Tropical and subtropical

West Africa 2% (—2-7%)
East Africa 7% (2-11%)
Southern Africa —4% (-9-2%)
Sahara —6% (-24-3%)
East Asia 9% (4-14%)
South Asia 1% (4-15%)
Southeast Asia 7% (3-8%)
Central America 9% (-16=5%)
Amazonia -3% (=10-2%)
Caribbean -12% (-19-3%)

28% (20-34%)
5.9% (5.2-7.2%)
26% (20-37%)
19% (12-26%)

14% (8-20%)
11% (8-12%)
9% (6-12%)
4% (0-10%)

15% (13-22%) 2% (=5-7%)
—6% (-10-1%) -24% (-35-14%)
4% (0-9%) -13% (-28-4%)
7% (2-11%) -1% (-10-2%)
5% (0-8%) —3%( 15-4%)
11%( 19%) 1% (-3-6%)
1% (-2-7%) 0% (-7-3%)
-11% (-20-4%) -2% (-12-2%)
6% (-2-13%) 2% (-2-7%)
13% (6-16%) 4% (-2-7%)
0% (-3-5%) -23% (-2-7%)
-18% (-31-12%) -4% (-28-16%)

10% (6-17%)

9% (5-11%)

= (=2
( (=2
= =
= =
( (
~5% (-9-1%) 1% (4-16%)
( €
- =
( -
- -

6% (3-10%) 7% (3-9%)
-14% (-18-9%) -9% (-25-4%)

4% (0-11%) -3% (-10-2%)
—6% (-11-0%) -20% (-35-6%)

Data from Christensen et al. (2007).

From climate models to future fisheries:
how to estimate the impact of climate
change on fisheries

In a relatively early study, Shuter and Meisner (1992) asked how
the potential impact of climate change on wild freshwater fishes
could be assessed. They identified two broad questions: (1) How
will aquatic habitats change in response to atmospheric climate
change? (2) How will fishes respond to habitat change at both
the individual and population levels? Today, fish biologists and
fishery managers face the same questions. They must identify
vulnerability to climate change and predict how stocks, com-
munities and fisheries will respond to climate change, i.e. will
they persist or undergo significant change (either negative or
positive)? This is an onerous task, faced by ecologists and
resource managers worldwide (Moritz & Agudo, 2013; Wilsey et al.,
2013). There are three principal means by which fishes (and
other taxa) can respond over the long-term to environmental
shifts driven by climate change (Holt, 1990; Jackson & Overpeck;
2000; Reusch & Wood, 2007): if they possess the necessary
phenotypic plasticity to cope with new conditions, they can
remain, they can adapt genetically (evolve) or they can move to
more suitable habitats (migrate). Conversely, if they cannot,
they will become locally extirpated or even globally extinct
(Holt, 1990). Many fishes show considerable phenotypic plasticity

(Robinson & Parsons, 2002; Crozier & Hutchings, 2014) and
can show rapid evolution to new environments (Hendry, 2001;
Witte et al., 2008; Elmer et al., 2010), but their relative capacity
to withstand the major abiotic and biotic shifts predicted for the
near future will clearly differ between lineages, and there will be
winners and losers (Graham & Harrod, 2009; Somero, 2010)
with obvious impacts on freshwater fisheries. Interestingly,
those fishes currently exposed to elevated temperatures, e.g. in
the tropics, may be the most threatened by future increases in
water temperature, as their thermal optima and limits are close
to current maximum ambient temperatures, leaving little scope
to adapt to higher temperatures (Somero, 2010; Tomanek, 2010).

Climate influences ecological processes in a number of direct,
indirect and complex ways (Friedland et al., 2000; Ottersen
et al., 2001; Straile et al., 2003) and acts across different levels of
biological organization (Mykles et al., 2010; Woodward et al.,
2010). A number of complementary and potentially synergistic
processes may be acting on a fish population or aquatic eco-
system, e.g. invasive species, eutrophication and climate change
(Winfield et al., 2008; Britton et al,, 2010; Cucherousset &
Olden, 2011; Moss et al., 2011). Furthermore, climate-induced
changes may act on several aspects of the ecology of fishes
(Shuter & Meisner, 1992) and their interactions with biotic and
abiotic environments [Schiedek et al. (2007) provide a review
of interactions between climate change and contaminants].
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Predicting the outcomes of environmental change on freshwater
ecosystems, fishes and fisheries in order to best direct sustaina-
ble fisheries (Allison et al., 2001; Daw et al., 2009) and conser-
vation action (Rahel et al., 2008) is a challenging task but is
probably best served by taking a quantitative (Brown et al.,
2011), integrative (Russell et al., 2012) and multidisciplinary
approach (MyKkles et al., 2010).

How to do it?

Climate model outputs provide biologists with fundamental
data (e.g temperature and river flow) by which the impact of climate
change on species (Fig. 7.3.1) and communities (Wilsey et al.,
2013), as well as the services and goods they provide to human
populations, can be estimated. A raft of potential approaches are
available to understand how aquatic systems, fishes and fisheries
will respond to climate change (Shuter & Meisner, 1992;
Hlohowskyj et al., 1996; Kernan et al., 2010). These include
palaeoecological reconstructions (Chatters et al., 1995), analyses
of long-term monitoring data (Winfield et al., 2010; Isaak et al.,
2012a; Comte et al., 2013) or macroecological patterns (Conover,
1992; Griffiths & Harrod, 2007; Lappalainen et al., 2008).

Proximate ecological responses:

Change in population size and ecology of
interacting species

Eggs
& Juveniles

larvae

Emergent ecological responses:

— Microevolution

— Distributional shifts

— Population dynamics

— Community structure

— Ecosystem function, including fish yield

Figure 7.3.1 Potential ecological responses of individual fishes to climate
change. As changes in abiotic conditions affect molecular and cellular
process, the physiology and behaviour of individual fishes shift and their
performance in intra- and interspecific interactions changes, resulting

in climate change driving emergent ecological responses, e.g. changes

in ecosystem function, community structure and fishery yields.

Adapted from Harley et al. (2006). © John Wiley & Sons.

Manipulative experiments either in the laboratory (Brett, 1956;
Fry, 1971; Wismer & Christie, 1987) or in the field, e.g. using
mesocosms (Beitinger et al., 2000; Moss et al., 2003; Moss, 2010a),
have also shown their worth. Fishery professionals and colleagues
in associated fields have long used predictive models to estimate
key data important in managing freshwater ecosystems such
as water temperature (Caissie, 2006), ice cover (Magnuson et al.,
1997), lake mixing (Meyer et al., 1999), water quality (Stefan
et al., 2001) and river discharge (Isaak et al., 2012b). Other mod-
els are routinely used (Regier et al., 1990) to predict responses of
individual fishes or populations and communities, e.g. growth
(Ricker, 1979; Larsson et al., 2005; Griffiths & Harrod, 2007),
bioenergetics (Kitchell et al., 1977; Kitchell & Crowder, 1986;
Beauchamp et al., 1989) and yield (Schlesinger & Regier, 1982;
Hlohowskyj et al., 1996; Lara et al., 2009) models.

Such approaches provide a useful means to give a broad
understanding how freshwater fishes and fisheries will respond
to climate change (Shuter & Meisner, 1992; Hlohowskyj et al.,
1996). Correctly predicting ecological responses to climate
change (e.g. responses of fish populations supporting fisheries
or the behaviour of fishers), however, is complex and even more
so than the already complicated science of climatic modelling.
This reflects the fact that the links between cause and effect
are typically provided by a range of interacting environmental
variables, which are also directly or indirectly influenced by
climatic variables, e.g. temperature and precipitation (Sharp,
1987). Hence, biological responses are less predictable than
those in physico-chemical or hydrological variables (Hering
et al., 2010), reducing predictive capacity. Predicting fishery
responses to climate change is even more complicated: Sharp
(1987) described fisheries as (at least) 4th-order phenomena, as
they integrate a series of climate—ecosystem responses which
vary as a result of continuous climatic changes.

Jeppesen et al. (2010b) warned that the IPCC’s use to date
of purely physical models probably results in severe underesti-
mates of the impacts of climate change, which can be rein-
forced by biological processes (Moss, 2010a). Future climate
models will probably include increased biological informa-
tion (Moss et al., 2010) and should include integrated
climate-ecosystem monitoring and analysis (Sharp, 1987).
Decision-making regarding freshwater fisheries management
may be further improved through the use of decision support
systems (DSS), computer-based systems that permit non-
specialists to work with data and models to produce informa-
tion to guide the decision-making process (Matthies et al.,
2007; Jolma et al., 2010).

In the absence of such specialized integrative approaches
(Sharp, 1987) and if suitable long-term data are available,
qualitative estimates of the response of a fishery or particular
species to future climatic conditions can be made by comparing
previous performance recorded under certain weather condi-
tions (e.g. during a hot summer) with the conditions predicted
under future climate change (George et al., 2010). Although this
is obviously a less refined approach, it is a useful first step.



Climate change model outputs have been widely used to
forecast the distribution of ecosystems and species under future
climatic conditions. With regard to fishes, two broad classes of
models are typically used, empirical and process-based models.
The empirical approach is based on the concept of the environ-
mental niche or bioclimatic envelope (Aratjo & Peterson, 2012),
which reflects the empirical association between climate and the
known distribution of a particular species to provide an indication
of its environmental niche. Here, the presence or absence or
abundance of a species is modelled as a function of the climatic
space or bioclimatic envelope that individual of that species can
tolerate physiologically, i.e. its fundamental niche (Morin &
Thuiller, 2009). By comparing contemporary distribution data
with climatic conditions (Hijmans et al., 2005) and the outputs
of climate models, biologists can extrapolate to estimate the
probable bioclimatic niche of a species.

This provides a conceptually simple and potentially powerful
means to project predicted changes in the distribution of a species
by examining shifts in habitat suitability (or unsuitability) under
future (or past) climatic conditions (Pearson & Dawson, 2003).
This approach has proved to be popular with freshwater fish
ecologists providing information on shifts in habitat suitability
(Magnuson et al., 1990; Shuter & Meisner, 1992; Lappalainen &
Lehtonen, 1997; Magnuson & Destasio, 1997) or across land-
scapes and regions (Meisner, 1990; Bond et al., 2011; Comte
et al, 2013), especially as other environmental factors are
included in models, e.g. elevation, habitat availability and land
use (Xenopoulos et al., 2005; Elith et al., 2010; Isaak et al., 20124).

The bioclimatic envelope approach is subject to considerable
criticism: it is correlative, coarse-scaled and based on often
implausible assumptions, and importantly, model projections
are often extreme and are contradicted by empirical evidence
of species distributions (Pearson & Dawson, 2003; Morin &
Thuiller, 2009; Aratjo & Peterson, 2012). Many bioclimatic
envelope models ignore the potentially crucial influence of
climate on key factors such as growth, mortality or interspecific
interactions (Blois et al., 2013). This is important, as many com-
ponents of interspecies interactions, e.g. key components of
the predation cycle (swimming velocity, search rate, handling
time and escape probability), are affected by water temperature
(Dell et al., 2013). Responses to climate change will probably
differ between species and may also differ between populations
(Richard & Rypel, 2013), for instance, due to local adaptation
(Pearson & Dawson, 2003). Bioclimatic envelope models are
typically parameterized from contemporary observations that
reflect long-term historical factors, e.g. postglacial recoloniza-
tion (Morin & Thuiller, 2009), and therefore may not be able to
accurately project ecological responses to future novel climates
(Williams & Jackson, 2007). Indeed, simple bioclimatic enve-
lope models often overestimate the probable future distribution
of warm-adapted species while underestimating the distribution
of cold-adapted taxa (Hein et al., 2011). Predictions of bio-
climatic envelope studies can often be extreme and dramatic
(Isaak & Rieman, 2012). Although freshwater fishes have
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changed their distributions (Comte et al., 2013) and perfor-
mance (Jeppesen et al., 2012) in response to climate change, to
date, there has been little evidence that the most dramatic
changes in distributions and extinctions predicted by some
studies are taking place (Comte et al., 2013), leading to confusion
in terms of targeting limited resources available for management
of fisheries or ecosystems.

The other broad classification of models used to examine climate
change impacts on species is mechanistic or process-based
models. Used far less commonly than their bioclimatic envelope
counterparts, this class of models is more complex but includes
key biological processes in the model framework (Morin &
Thuiller, 2009; Hobday & Lough, 2011) to predict the response
of individuals or populations to a range of future climatic con-
ditions (Clark et al., 2001). Rather than simply characterizing
shifts in distributions, process-based models can be used to
predict key life history or population-level responses to climate
change such as growth, mortality and recruitment (Morin &
Thuiller, 2009). Again, process-based models are not without
criticisms, for instance, the effect of climatic variation on the
biological parameter may be poorly characterized, and model
structure may be such that other important factors are excluded
(Wilsey et al., 2013).

It is likely that fishery professionals and agencies will need to
consider a range of modelling approaches to direct management
of fisheries under climate change (Moritz & Agudo, 2013). The
use of broad bioclimatic envelope models to characterize large-
scale range shifts, with the inclusion of key variables such as
dispersal networks (Hein et al., 2011), combined with process-
based approaches used to examine the response of key species
in particular sites can result in increased resolution, greatly
improving the accuracy and utility of model projections (Morin &
Thuiller, 2009; Wilsey et al., 2013). At the heart of understand-
ing the response of freshwater systems, biota and fisheries to
climate change is the collection of high-quality information
over the long term (Sharp, 1987; Elliott, 1990; Parr et al., 2003).

Why is climate important to freshwater
fishes and fisheries? Proximate
and emergent responses

Climate has a strong influence on physical, chemical and bio-
logical processes in aquatic ecosystems (De Stasio et al., 1996;
Delpla et al., 2009; Teixeira-de Mello et al., 2009). Air and water
temperatures are tightly linked (Arai, 1981; Caissie, 2006), and
water temperature is the principal driver of the bulk of physico-
chemical and biological process in aquatic systems (Brett, 1970).
This affects both abiotic and biotic conditions: due to the
Arrhenius relation, the rate of a given chemical reaction doubles
with every temperature increase of 10°C (Regier et al., 1990). As
such, almost all biological and chemical processes are influenced
by temperature, from the rate of biochemical processes within
aquatic organisms to trophic interactions between consumers
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and their prey (Dell ef al., 2013) through to key chemical trans-
formations including dissolution, degradation and evaporation
(Regier et al., 1990). There is a long and detailed literature
examining thermal effects on fishes, partly reflecting previously
concerns regarding thermal pollution issues associated with
human activities such as deforestation, regulation of rivers and
discharge of industrial cooling waters (Beitinger et al., 2000;
Coutant, 2006).

Almost all fishes are obligate poikilotherms or thermal con-
formers: as such, almost every aspect of the ecology of an indi-
vidual fish is influenced by the temperature of the surrounding
water, leading Brett (1970) to refer to temperature as the master
abiotic factor. Furthermore, fishes have specific temperature
requirements that often differ considerably both within (e.g
between life stages) and between species (Pértner & Peck, 2010;
Souchon & Tissot, 2012). Enzymatic rates are temperature
dependent in fishes, and as such, variation in water temperature
drives variation of an individual fish’s physiological and bio-
chemical (vital) rates (Fry, 1971; Coutant, 1987; Regier et al.,
1990). Hence, abiotic shifts in those habitats that support fresh-
water fishes and their fisheries due to climate change such as
changes in water temperature will result in proximate ecological
responses (Fig. 7.3.1) by individual fish (Harley et al., 2006) via
physiological and behavioural shifts. For example, both spawn-
ing (Sandstrém et al., 1997; Warren et al., 2012) and the time
taken for eggs to hatch (Rombough, 1997) are regulated by
water temperature in many freshwater fishes, highlighting the
importance of temperature as a factor regulating fish population
dynamics. Once hatched, water temperature influences the
activity (Koch & Wieser, 1983), metabolic demand and oxygen
requirements (Clarke & Johnston, 1999) and foraging rate
(Bergman, 1987) of individual fishes, as well as the availability
of their prey (Heath, 2005) and activity of their predators (Vigg
& Burley, 1991). These relationships with water temperature are
often non-linear (Brett & Groves, 1979; Isaak & Hubert, 2004),
complicating our ability to predict responses to climate change.

As might be expected, with such a fundamental influence on
the ecology of individual fishes, variation in water temperature
affects key life history characteristics including growth (Brett,
1979), maturation (Svedédnget al., 1996), production (Schlesinger
& Regier, 1982) and reproductive success (Planque & Frédou,
1999). Due to the overarching ecological importance of tem-
perature, there is evidence for local adaption within freshwater
fishes, especially those that show natal homing (Taylor, 1991;
Jensen et al., 2008; Eliason et al., 2011), although this is not
always the case (Elliott & Elliott, 2010).

There is a strong relationship between water temperature and
fish mortality (Fry, 1971, Griffiths & Harrod, 2007), reflecting
how predator consumption rates (Vigg & Burley, 1991), as well
as resistance to pathogens (Le Morvan et al., 1998) and pollut-
ants (Reid et al., 1997), co-vary with temperature. There can be
strong relationships between water temperature and year-class
strength and fisheries production, especially in temperate spe-
cies (Shuter & Meisner, 1992; Lehtonen & Lappalainen, 1995;

Jeppesen et al., 2012). For instance, in the North American
Great Lakes, Meisner et al. (1987) suggested that a 2°C increase
in mean air temperature would result in an increased fisheries
yield of c. 25%. Due to the relatively constant temperatures
encountered in the tropics, variation in recruitment success and
production in tropical freshwater fishes is typically associated
with other climatic features such as precipitation and run-off
(Welcomme, 1985).

The combination of these and other factors means that water
temperature is a key influence on the biogeographical distribu-
tion of freshwater fishes and communities across different geo-
graphical locations (Tonn, 1990; Jackson et al., 2001; Cussac
et al., 2009) or within a particular freshwater ecosystem (Fry,
1937; Magnuson et al., 1979; Hamrin, 1986).

Fry (1947) outlined five main effects of temperature on fishes:
controlling (metabolic and developmental rates), directing
(stimulating an orientation response), limiting (affecting activ-
ity, movement and distribution), masking (blocking or affecting
the expression to other environmental factors) and lethal effects
that act either directly to kill the fish or indirectly as a stress
effect. The temperature thresholds associated with these
different effects differ between species and individuals within a
species and even vary at the individual level, e.g. with ontogeny
or condition.

The work of pioneers such as Fry (1947) and Brett (1956)
showed that the response of fishes to a given temperature was
strongly dependent on the history of prior exposure, i.e.
acclimation. This complicates the provision of a single endpoint
estimate for a particular species such as a lethal temperature.
A very large body of work now exists on the thermal ecology of
freshwater fishes (although dominated by northern hemisphere
species), based on both laboratory and field studies, and has
generated data on a range of ecologically relevant temperatures
(Beitinger et al., 2000) for different species, which describe the
thermal niche either by preferred, avoidance and lethal temper-
atures (incipient lethal temperatures and critical maxima and
minima) or by temperatures that optimize metabolic or physi-
ological factors such as growth, digestion rate and swimming
performance (Alabaster & Lloyd, 1980; Jobling, 1981; Wismer &
Christie, 1987; Staaks, 1996; Beitinger et al., 2000; Carveth et al.,
2006; Hasnain et al., 2010; Shuter et al., 2012; Souchon & Tissot,
2012). These temperature thresholds and optima can vary
within species or even individuals for different activities (growth
and maturation) or life stages (Hokanson, 1977) or time of year
(Coutant, 1987).

Developing earlier work by Fry (1947, 1971), Magnuson et al.
(1979) and Magnuson and Destasio (1997) noted that different
fishes are not only adapted to particular temperatures and that
their ecological performance is generally optimized close to their
thermal niche (i.e. preferred temperature+2 or 5°C) but
that individual fishes actively search and compete for those
thermal habitats where their metabolic and behavioural
performance is optimized. They went on to propose that water
temperature could be considered an ecological resource



(Magnuson et al., 1979; Magnuson & Destasio, 1997), with
fishes competing for a particular thermal habitat where their
fitness is optimized. Fishes from different evolutionary lineages
cluster into broad groups regarding their thermal niches, and
fishes have been grouped into broad trait-based thermal guilds
according to their response, adaption and selection to different
water temperatures. North American temperate freshwater
fishes were classified by Magnuson et al. (1979) into three broad
guilds. According to this classification, fishes in the coldwater
guild have summer water temperature preferences between 11
and 15°C, coolwater fishes between 21 and 25°C, and members
of the warmwater guild between 27 and 31°C. These guilds have
been extended to include Arctic fishes (adapted to waters
<10°C) (Wrona et al., 2005). Hokanson (1977) outlined a simi-
lar system with three broad northern hemisphere temperate
guilds: stenothermal, mesothermal and eurythermal fishes,
which closely relate to Magnuson et al’s (1979) cold-, cool- and
warmwater guilds. The presence of fishes from multiple thermal
guilds in a single waterbody increases the complexity of inter-
specific interactions, with fishes from similar guilds competing
not only for habitat but similar food (Crowder et al., 1981) and
can also increase potential fishery yield. Changes in water
temperature following climate change will affect habitat suita-
bility for individuals, species and thermal guilds (Magnuson &
Destasio, 1997), resulting in modified biological interactions
and ultimately fisheries yields.

Much of the information on environmental tolerances of
freshwater fishes and therefore their vulnerability to shifts in
water temperature is from the temperate northern hemisphere
(Alabaster & Lloyd, 1980; Wismer & Christie, 1987; Beitinger
et al.,2000; Carveth et al., 2006; Souchon & Tissot, 2012). Although
many of these fishes have been translocated worldwide and are
exploited or invasive elsewhere (Povlsen, 1993; Soto et al., 2001;
Strayer, 2010), similar data are urgently needed from native
fishes (Morrongiello et al., 2011) including those supporting
fisheries across the world either through direct experimentation
(Portner & Peck, 2010) or by indirectly characterizing thermal
boundaries (Eaton et al., 1995).

Following Bretts (1970) characterizations of water tempera-
ture as the master abiotic factor, most research on climate
change and fishes has focused on temperature. Temperature is
just one of the number of climate-associated variables that
influence aquatic ecosystems, either individually or together
(Nickus et al., 2010). For instance, there is a well-reported and
synergistic interaction between temperature and oxygen stress
(McBryan et al., 2013). The solubility of oxygen in water is
strongly temperature dependent (Weiss, 1970), and increases
in water temperature following climate change will lead to a
reduction in dissolved oxygen (DO) concentrations, reducing
the carrying capacity of aquatic systems; at the extreme, this
may result in an increase in the frequency and scale of fish kills
(Casselman & Harvey, 1975; Ochumba, 1990; Townsend et al.,
1992). Fishes vary considerably in their DO requirements, both
between species and different life stages (Doudoroff & Shumway,
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1970; Alabaster & Lloyd, 1980), but oxygen demands increase as
metabolic rates rise with temperature (Beamish, 1964; Clarke &
Johnston, 1999; Portner, 2001). Sublethal consequences of
reductions in oxygen concentrations following increases in
temperature associated with climate change include modification
of foraging behaviour (Rahel & Nutzman, 1994; Aku & Tonn,
1999), reproductive success (Muller & Stadelmann, 2004),
growth capacity (Brett, 1979) and exposure to predation risk
(Headrick & Carline, 1992).

Climate change will influence many other environmental
factors, all with the potential to affect freshwater fisheries, e.g.
cloud cover, ultraviolet radiation (UVR), lake levels, lake
thermal structure, ice cover, sea levels, storm surges, precipitation,
run-off, wind intensity and patterns, evaporation, river and
stream discharge and the intensity and timing of flood events
(Kernan et al.,, 2010; Nickus et al., 2010). Changes in tempera-
ture and these and other abiotic factors will drive changes in
interspecific interactions (e.g. predation, competition and
parasitism) (Marcogliese, 2001; Jeppesen et al., 2010a; Dell
et al.,, 2013; Hayden et al., 2013a), which will in turn affect
growth, maturation and production, with subsequent impacts
on fisheries yield.

Tropical and subtropical fishes face less variation in water
temperature than their temperate counterparts (Lowe-
McConnell, 1987; Meisner & Shuter, 1992), limiting the utility
of the thermal guild concept across >45% of the world’s land
mass. Welcomme (1979) and Regier et al. (1989) detailed
riverine tropical fish guilds based on their relative sensitivity
to low DO concentrations: blackfishes are adapted to and
are tolerant of low DO concentration, while whitefishes are rela-
tively sensitive to low concentrations and undertake seasonal
migrations to avoid low DO concentrations, and greyfishes are
intermediate with some physiological adaptation to low DO
concentrations (Dudgeon, 2000). This concept was developed
further by Welcomme et al. (2006) who described a series of
riverine fish guilds with common traits. Such trait-based analysis
has considerable potential for predicting responses of fishes
to climate change (Petchey & Gaston, 2002; Chessman, 2013),
e.g. by examining how climate change will affect functional
diversity (Buisson et al., 2013).

Beyond the fishes that fishers and fishery professionals
focus on, climate change will have impacts on the other taxa
that freshwater ecosystems depend upon for their function
(Woodward et al., 2010). It will impact different trophic levels
from viruses (Marcos-Lopez et al, 2010), parasites
(Marcogliese, 2001) and primary producers (Mooij et al., 2005;
de Senerpont Domis et al., 2013) through to top predators
(Moore et al., 2009), including humans (Haines et al., 2006;
McMichael et al., 2006; Hsiang et al., 2013). As individual taxa
(and life stages) will show different proximate responses to
climate change, resulting emergent ecological responses, e.g. in
community-level interactions such as predator and prey
relationships, competition and parasitism following climate
change are likely to be complex and difficult to predict with
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confidence (Harley et al., 2006; Blois et al., 2013), especially
following invasion by non-native species (Capdevila-Arguelles
& Zilletti, 2008; Britton et al., 2010).

The relative importance of the different top-down and
bottom-up processes that influence freshwater production will
probably change following climate change (Gyllstrom et al.,
2005; Wrona et al., 2005). As a result, responses to climatic
change in freshwater systems may be non-linear and complex
(Isaak & Hubert, 2004; Jansen & Hesslein, 2004; Hobday &
Lough, 2011) and could be sudden and non-reversible.
Although changes in water temperature and physical stressors
are likely to have a strong influence on the response of fishes to
climate change, some workers have suggested that the primary
mechanism by which climate change will impact fish popula-
tion dynamics is through trophic interactions (Crozier &
Hutchings, 2014). Any attempt to make generalized predictions
regarding the likely effects of climate change on freshwater
fisheries is made even more difficult due to geographical
variation in climate, ecosystem function and fish communities
(Hlohowskyj et al., 1996; Teixeira-de Mello et al., 2009; Garner
etal.,2014) and the humans, industries and economies involved
in fisheries (Sharp, 1987; Allison et al., 2007; Daw et al., 2009).
Furthermore, there are fundamental differences between
freshwater ecosystems (e.g. lentic v. lotic systems) and the life
cycles of the fishes that inhabit them (e.g. riverine v. lacustrine,
pelagic v. benthic and main river v. floodplain) (Welcomme,
2001; Blanck & Lamouroux, 2007; Welcomme et al., 2010).

Climate and the ecology of fishes over
different levels of biological organization:
recorded and predicted effects

Holt (1990) noted that the response of individual species to
climate change could be summarized as ‘shifting in abundance
and distribution, by going extinct, or by evolving, but also
highlighted that predicting which of these different responses
would occur was likely to be extremely arduous. Although dif-
ficult, fishery professionals and fishers rightly want to know
how climate change will affect the ecosystems and fishes that sup-
port particular fisheries or are of conservation concern. It will
require research and communication between workers from a
wide range of disciplines (Mykles et al., 2010), and it is impor-
tant to recognize that impacts will act over different levels of
biological organization (McCullough et al., 2009; Woodward
et al., 2010) from the molecular through to the individual, spe-
cies and ecosystem level. Climate change has the potential to
affect almost all aspects of a fish’s ecology, and the current format
limits the current author’s capacity to do the topic full jus-
tice. In order to provide the interested reader with an non-
exclusive introduction to the literature, Table 7.3.3 and the
following sections provide an outline to the potential and
observed impacts of climate change on fishes at the individual,
population, species, community and ecosystem level.

Climate change and individual fishes

Natural selection acts principally at the level of the individual
(Pianka, 1994), and as such, the impacts of climate change will
be greatest at the level of the individual fish (Fig. 7.3.1 and
Table 7.3.3). Climate change has the potential to affect almost
every component of an individual fish’s life ranging from avail-
ability and suitability of habitats; the probability of successfully
hatching, surviving and reproducing; its metabolic demands;
how fast and large it will grow; how much investment it makes
in reproduction and growth; how it behaves; what and
how much it eats; which habitats it uses; when and where it
migrates; which diseases, parasites or pollutants it is exposed to;
its probability of being captured by fishers.

Beyond the availability of suitable water to maintain neces-
sary habitats, a principal response of freshwater ecosystems to
climate change will be an increase in average water temperature
(although some regions will cool). If water temperatures are
such that thermal tolerances of particular species are exceeded,
individuals of that species will not be able to survive (Preston,
2006; Moyle et al., 2013). Where thermal limits are not exceeded,
increases in temperature will have considerable ecological
impacts. Freshwater fishes are typically poikilothermic, and
their metabolic rates scale directly with water temperature
(Gillooly et al., 2001). With mean surface temperatures across
the globe predicted to increase between 1 and 6°C by 2100,
Bickford et al. (2010) predicted that ectotherm metabolic rates
will rise between 10 and 75%, with subsequent impacts on food
and oxygen consumption, excretion of waste products and the
scope for growth and production.

On a global level, the temperature size rule suggests that as
waters warm, the average size of fishes is likely to reduce
(Daufresne et al., 2009; Sheridan & Bickford, 2011; Ohlberger,
2013), with subsequent ecological impacts including reduced
individual reproductive investment (Stearns & Koella, 1986;
Birkeland & Dayton, 2005; Lappalainen et al., 2008), increased
predation risk (Lundvall et al., 1999) and shifts in diet (Persson,
1988). Conversely, in those regions where individual growth is
currently temperature limited, moderate warming and a longer
growing season (Rouse et al., 1997) will enhance growth, repro-
ductive investment and production (Reist et al., 20064, b). An
analysis of otolith growth increments using techniques devel-
oped for dendrochronology showed that subarctic lake trout
Salvelinus namaycush showed increased growth in warmer sum-
mers (Black et al., 2012). This suggests that these and other cool-
adapted fishes are likely to show a positive response to climate
warming to a point where increased metabolic demands outstrip
the benefits of warming, assuming that other limiting factors, e.g.
access to food, do not come into play (Barange & Perry, 2009).

Much of the focus on climate change is how increases in upper
temperatures will affect fisheries, but fisheries professionals work-
ing in areas where lower temperatures are currently sufficient to
cause mortality (Griffiths & Kirkwood, 1995; Sogard, 1997;
Lappalainen et al., 2000) may see a relaxation of this selective
pressure, with increased numbers of smaller, low-condition



Table 7.3.3 Examples of potential and observed impacts of climate change on freshwater fishes and fisheries at a range of levels of biological organization

Level of organization

Issue

Sub-organismal/individual

Population

Species

Community and ecosystem

Epigenetic effects (Salinas & Munch, 2012)

Heat shock, hypoxia, UV and other stresses (Parsons, 1990; McCarthy & Houlihan, 1997; lwama, 1998; Lund et al., 2002;
Bancroft et al., 2007; Hader et al., 2007; Somero, 2010; Tomanek, 2010)

Phenotypic capacity (Portner & Peck, 2010; Somero, 2010)

Physiology (Gillooly et al., 2001; Portner & Farrell, 2008; Pankhurst & Munday, 2011; Ohlberger, 2013)

Growth rate and body size (Sandstrom et al., 1995; Daufresne et al., 2009; Reyjol et al., 2009; Sheridan & Bickford, 2011;
Ohlberger, 2013)

Developmental time (Rombough, 1997; Gillooly et al., 2002; Mooij et al., 2008; Bryant, 2009; Pankhurst & Munday, 2011)
Metabolic rate and energetic requirements for growth and reproduction (Fry, 1971; Shuter & Post, 1990; Clarke &
Johnston, 1999; Gillooly et al., 2001; Holker, 2003)

Maturation, sex determination, reproductive investment and behaviour (Vlaming, 1972; Hokanson, 1977; Gillet et al.,
1995; Sandstrom et al., 1997; Jager et al., 1999; Gillet & Quétin, 2006; Reyjol et al., 2009; Strissmann et al., 2010;
Pankhurst & Munday, 2011)

Prey availability, foraging capacity and diet (Adams et al., 1982; Persson, 1986, 1990; Huusko et al., 1996; Taniguchi

et al., 1998; Humphries et al., 1999; Durant et al., 2007; Anneville et al., 2009; Hayden et al., 2013a, b)

Migration (Cooke et al., 2004; Daufresne & Boét, 2007; Bryant, 2009)

Mortality (Casselman & Harvey, 1975; Griffiths & Kirkwood, 1995; Lappalainen et al., 2000; Petersen & Kitchell, 2001;
Charnov & Gillooly, 2004; Griffiths & Harrod, 2007)

Predation risk (Adams et al., 1982; Bystrom et al., 2007)

Immune response, disease and parasitism (Snieszko, 1974; Chubb, 1976; Marcogliese, 2001; Croisetiére et al., 2010;
Macnab & Barber, 2012)

Susceptibility to angling-associated stress (Huntingford et al., 2006; Gale et al., 2013)

Exposure to stressors and uptake of contaminants (Bullock & Coutts, 1985; Coutant, 1985; Schindler et al., 1996; Reid
etal., 1997, Zagarese & Williamson, 2001; Wrona et al., 2006a; Reist et al., 2006b; Hader et al., 2007; Schiedek et al.,
2007; Noyes et al., 2009)

Modification of abiotic cues (Humphries et al., 1999; Ahas & Aasa, 2006; Shuter et al., 2012)

Habitat suitability (Coutant, 1990; Magnuson et al., 1990, 1997; De Stasio et al., 1996; Lappalainen & Lehtonen, 1997;
Hilborn et al., 2003; Mohseni et al., 2003; Fang et al., 20044, b, c; Lyons et al., 2010; Elliott & Bell, 2011)

Phenotypic shifts (Jensen et al., 2008; Hering et al., 2010; Strissmann et al., 2010; Gregersen et al., 2011; Forster et al.,
2012; Crozier & Hutchings, 2014)

Phenology, e.g. of migration, spawning and hatching (Cooke et al., 2004; Juanes et al., 2004; Ahas & Aasa, 2006; Mooij
et al., 2008; Bryant, 2009; Wedekind & Kung, 2010; Shuter et al., 2012; Warren et al., 2012)

Life history characteristics (Heibo et al., 2005; Jensen et al., 2008; Lappalainen et al., 2008)

Prey availability and foraging capacity (Persson, 1986, 1990; Huusko et al., 1996; Humphries et al., 1999; Durant et al.,
2007; Anneville et al., 2009; Dell et al., 2013; Hayden et al., 2013a, b)

Size and age structure (Gillet et al., 1995; Jeppesen et al., 2012; Ohlberger, 2013)

Sex ratio (Craig et al., 1996; Davey & Jellyman, 2005; Ospina-Alvarez & Piferrer, 2008; Baroiller et al., 2009; Striissmann
etal., 2010; Wedekind et al., 2013)

Recruitment, population dynamics and potential fishery yield (Lehtonen & Lappalainen, 1995; Lappalainen et al., 1997;
Grenouillet et al., 2001; Casselman, 2002; Isaak & Hubert, 2004; Reist et al., 2006b; Lehtonen et al., 2009; Portner &
Peck, 2010; Jeppesen et al., 2012)

Evolution and loss of local adaptation (Merild, 2012; Crozier & Hutchings, 2014), e.g. thermal tolerance (Wohlschlag,
1957; Hubbs, 1964; Holt, 1990; Carvalho, 1993; Jensen et al., 2008; Willis & Bhagwat, 2009; Pértner & Peck, 2010;
Eliason et al., 2011; McBryan et al., 2013; Whitney et al., 2013)

Distributional shifts and population fragmentation (Rahel et al., 1996; Hari et al., 2006; Comte & Grenouillet, 2013;
Roberts et al., 2013)

Distributional shifts, colonisation, local extirpation and extinction (Johnson & Evans, 1990; Magnuson et al., 1990, 1997;
Xenopoulos et al., 2005; Bystrom et al., 2007; Lassalle & Rochard, 2009; Lyons et al., 2010; Booth et al., 2011; Wenger et al.,
20114, b; Isaak et al., 2012b; Comte & Grenouillet, 2013; Comte et al., 2013; Moyle et al., 2013; Tedesco et al., 2013)
Intraspecific interactions, e.g. selection of particular genotypes (Holt, 1990; Carvalho, 1993; Hutchinson et al., 2003;
Eliason et al., 2011; Whitney et al., 2013)

Phenotypic shifts (Blanck & Lamouroux, 2007; Forster et al., 2012; Crozier & Hutchings, 2014)

Habitat degradation (Coutant, 1990; Magnuson et al., 1990, 1997; De Stasio et al., 1996; Lappalainen & Lehtonen, 1997,
Mohseni et al., 2003; Fang et al., 20044, b, c; Lyons et al., 2010; Elliott & Bell, 2011; Pratchett et al., 2011)

Interspecific interactions (De Stasio et al., 1996; Jeppesen et al., 2010a; Blois et al., 2013; Dell et al., 2013; Hayden et al., 2013a)
Stenothermal specialist/eurythermal generalist ratio (Daufresne & Boét, 2007; Jeppesen et al., 2012)

Exposure to pollutants and contaminants (Noyes et al., 2009; Paerl & Huisman, 2009; Grimalt et al., 2010)

Changes in fish community structure (Magnuson et al., 1997; Carveth et al., 2006; Daufresne & Boét, 2007; Jeppesen
etal., 2010a, 2012; Skeffington et al., 2010, Hayden et al., 2013a) including loss of functional diversity and biotic
homogenization (Buisson et al., 2013).

Invasive species (Johnson & Evans, 1990; Dukes & Mooney, 1999; Bierwagen et al., 2008; Capdevila-Arguelles & Zilletti,
2008; Peterson et al., 2008; Walther et al., 2009; Britton et al., 2010; Carpenter et al., 2011)

Changes in food web structure (Beklioglu et al., 2007; Durant et al., 2007; Teixeira-de Mello et al., 2009; Jeppesen et al.,
2010a; Thackeray et al., 2013) and possible switch to increased omnivory in fishes (Jeppesen et al., 2010a; Moss, 2010a)
Ecosystem function and provision of goods and services (Regier et al., 1990; Wrona et al., 2006b; Jeppesen et al., 2010a),
e.g. production and yield (O'Reilly et al., 2003; O'Connor et al., 2009) or provision of recreation (Nelson et al., 2013)
Capacity of protected areas to conserve fishes (Hole et al., 2009; Prowse et al., 2009; Hermoso & Clavero, 2011;
Peterson et al., 2013)
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individuals surviving the winter. This has implications for fishery
performance as well as population- and community-level interac-
tions such as intra- and intraspecific competition and the relative
success of invasive species (Johnson & Evans, 1990).

Climate change will change the concentration of ultraviolet
(UV) encountered by individual fishes through their life cycle
by shifts in stratospheric ozone concentrations, changes in
cloud, vegetation and ice cover or modification in water colour
or depth, with a wide range of potential ecological impacts
(Zagarese & Williamson, 2001; Wrona et al., 2006a; Bancroft
et al., 2007; Hader et al., 2007). At the individual level, increased
UV could lead directly to egg and larval mortality (Williamson
et al., 1997), as well as adult and juvenile sunburn (Bullock &
Coutts, 1985). Indirect impacts of increased UV include oxida-
tive stress, phototoxicity and photosensitization (Zagarese &
Williamson, 2001), potentially resulting in reduced individual
investment in growth due to investment in cellular and behav-
ioural UV protection (Wrona et al., 2006a).

Population-level responses to climate change

In contrast to evolutionary biology, in fisheries biology, the pop-
ulation has historically been the focal entity (Cury et al., 2008),
and it is likely that population-level responses to climate change
will be of most interest to the majority of fishery professionals or
fishers. The population-level effects of climate change on fresh-
water fishes are numerous (Table 7.3.3) and can be considered
as emergent properties of individual-level responses (Fig. 7.3.1),
which together affect the balance of recruitment, mortality,
growth and reproduction of a given fish population. This in turn
controls the abundance and the distribution of life history
characteristics in a given population of fishes (Portner & Peck,
2010) and its subsequent performance as a fishery (Welcomme,
2001). Assessments of population-level responses to climate
change are important as they not only provide an indication of
the capability of a species to withstand climate change and
maintain fisheries throughout its range but also the extent of
adaptive scope within a species (McCullough et al., 2009),
important for predicting responses to future change.

Shuter and Meisner (1992) suggested that habitat suitability
ultimately controls abundance at the population level. In terms
of climate change, this will probably reflect water availability
and temperature, although other factors will also be important,
including DO concentrations (Magnuson et al., 1997), food
availability (Durant et al., 2007) and enemy-free space (Gaeta
et al., 2014) that together permit ‘good growth’ (Stefan et al.,
2001). As many species require different habitats throughout
their life cycle, maximizing habitat diversity is likely to provide
a buffer to climatic change (Hilborn et al., 2003).

Population dynamics in some freshwater fishes are driven by
intraspecific interactions, for instance, by strong asymmetries
in foraging abilities between conspecifics of different sizes
(Hamrin & Persson, 1986) or cannibalism of juveniles by large-
bodied adults (Claessen et al., 2000). Changes in water temper-
ature and the phenology of early life stages may affect the
strength of density-dependent regulation, year-class strength

and the strength and direction of intraspecific interactions
(Skov & Koed, 2004), with subsequent cascading effects on
fisheries (Helminen et al., 1997).

Freshwater fish populations are constrained in their capacity
to migrate to more suitable habitats if conditions become unsuit-
able. Freshwater habitats are typically part of dendritic river sys-
tems (Brown & Swan, 2010), restricting movement to within
a given catchment (Hein et al., 2011), while some standing
waters are completely isolated (Welcomme, 2001), preventing
natural migration. Carpenter et al. (1992) noted that many major
river systems have an east-west drainage pattern, limiting the
capacity of riverine fishes in such systems to migrate polewards
to avoid thermal stress (Hickling et al., 2006), although this is not
the case globally (Heino et al., 2009). Within a river system,
thermal refuges will often be present in river sections located
at higher elevations, and the elevational shifts predicted as
a response to warming (Meisner, 1990; Jager et al., 1999) have
been reported from individual populations (Hari et al., 2006;
Almodoévar et al., 2012; Comte & Grenouillet, 2013). Migrations
may fail, however, as natural and anthropogenic barriers prevent
fish movements (Hein et al., 2011; Isaak & Rieman, 2012) or
because other features of the habitats located at higher elevations
are unsuitable. Hari et al. (2006) noted that even if fishes are able
to undertake an upward habitat shift, it represents an overall
decrease in the population due to the reduction in available habi-
tat (Shuter & Meisner, 1992). Furthermore, as populations of
cold-adapted river fishes are forced into isolated thermal refugia,
they will probably become subject to increased levels of popula-
tion fragmentation (Rahel et al., 1996; Roberts et al., 2013).

Parasites and diseases (Barber & Poulin, 2008) play important
roles in regulating fish populations and are sensitive to abiotic
conditions. Marcogliese (2001) noted that parasites of freshwa-
ter fishes will be affected by climate change, both directly, e.g. by
shifts in water temperature (Swennen et al., 1979), and indirectly,
e.g. via the effect of climate change on host abundance and dis-
tribution (Macnab & Barber, 2012).

Changes in exposure to UV and contaminants associated
with climate change (Zagarese & Williamson, 2001; Schiedek
et al., 2007; Noyes et al., 2009) may have multiple population-
level effects on fishes. This may include life cycle disruption,
where sensitive life stages such as eggs and larvae (Bancroft
et al., 2007) are lost, even though larger-bodied individuals are
not impacted (Williamson et al., 1997), resulting in the need for
stocking of larger-sized individuals to maintain fisheries opera-
tions. The negative impacts of UV on individual growth
(Bancroft et al., 2007) are likely to result in decreased produc-
tivity at the population and community level in those systems
where exposure to increased UV concentrations occurs (Wrona
et al., 2006a) with subsequent consequences on fisheries (Reist
et al., 2006¢).

Species-level responses

Responses at individual and population level will combine to
affect how fish species responds to climate change across their
distribution, which will interest those fishery professionals and
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Figure 7.3.2 Winners and losers. Lough Neagh is a large (383 km?) lake in Northern Ireland that supports a large freshwater fishery that targets the

(a) warmwater Anguilla anguilla and to a lesser extent (b) Coregonus autumnalis. Both species are of conservation concern but are likely to respond very
differently to climate change. Currently, summer temperatures are at a threshold for both species: C. autumnalis are on a metabolic knife-edge during the
hottest summers, while A. anguilla growth is currently temperature limited. (c) The probability of different changes in air temperature in the Lough Neagh
catchment in the period 2040 to 2069 under three different SRES scenarios (—, low Bl; ——, medium A1B; —, high A1F1; see text for definition of
scenarios). Whatever the scenario, it is clear that summer water temperatures are likely to rise by 1.5-2.5°C from the 1961 to 1990 baseline, probably
benefiting the fishery in terms of increased A. anguilla growth (assuming that deoxygenation does not become an issue in the extremely eutrophic lake).
Due to the lack of a thermal refuge, it is likely that future summers may be too hot for the cold-adapted C. autumnalis, and the last viable population of
this species in Europe may be lost (Harrod et al., 2002). Data from UKCP09 (http://ukclimateprojections-ui.defra.gov.uk).

fishers working to manage, conserve and exploit fishes at the
local, national and international scales. Understanding whether a
species will be a winner (i.e. resist climate change) or a loser (i.e.
undergo a decline) under future climates (Fig. 7.3.2) is a complex
undertaking (Moritz & Agudo, 2013), with a range of influences
at work (Table 7.3.3), further complicated by the potential for
widely distributed fishes to show ecosystem-specific growth
responses to climatic variation (Richard & Rypel, 2013).

Large zoogeographical differences exist in the distribution of
freshwater fishes. Certain species are restricted to particular cli-
matic zones, both globally (Lévéque et al., 2008) and regionally
(Cussac et al., 2009), representing the influences of past geological,
climatic and evolutionary processes (Heino et al., 2009). In terms
of current distribution patterns, fishes are adapted to a number of
climate-relevant variables that vary regionally (Schultz, 2002; Chu
et al., 2005; Heino et al., 2009), including temperature and precipi-
tation, which are subject to modification by climate change. One
way that adaption is expressed is through ecological phenology,
and this plays an important role in setting species’ zoogeographical
boundaries (Shuter & Post, 1990; Shuter et al., 2012). In many tem-
perate fishes, seasonal cycles displayed by fishes (e.g. migration,
spawning and growth) follow patterns of water temperature or day
length (Helfman et al., 2009), although changes in water level asso-
ciated with snowmelt or seasonal storms can also be an important

cue for fishes at higher latitudes or altitudes (Fausch et al., 2001).
In tropical systems, seasonality largely reflects rainfall patterns
(Welcomme, 1979, 1985; Lowe-McConnell, 1987). The predicted
impacts of climate change are such that some of the regional con-
trols on fish distribution will lessen or possibly break down, result-
ing in widespread redistribution of those freshwater fishes that are
currently constrained by climate.

Over the past 30 years, c. 70 studies have used various model-
ling approaches to predict the effect of climate change on the
distribution of freshwater fish species (Comte et al., 2013).
These models have suggested widespread shifts in the availabil-
ity of suitable habitat and the future distribution of species,
including range expansions and contractions, regional extirpa-
tion and even global extinction of some species (Xenopoulos
et al., 2005). Overall, these studies have predicted that the range
of most coldwater species will probably contract or shift to a
higher altitude or latitude, while that of coolwater fishes could
expand or contract. Warmwater fishes are generally predicted
to expand their distributions.

A far smaller number (n=11) of observational studies have
examined shifts in species distributions associated with recent
climate change (Comte et al., 2013). Such shifts have occurred as
follows: in Great Britain, 15 stream fishes shifted their northern
range margin polewards by 47km and their mean altitude by
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33 m over 25 years (Hickling et al., 2006). Elsewhere in Europe,
brown trout Salmo trutta have shifted towards higher elevations
in the Pyrenees (Almodévar et al., 2012) and the Swiss Alps
(Hari et al., 2006), and diadromous fishes have shifted their dis-
tributions, with 14 species being lost from catchments across
Europe (Lassalle & Rochard, 2009).

Comte et al. (2013) examined predicted and observed changes
in 183 species of freshwater fishes. Although there was a strong
geographical (temperate northern hemisphere) and taxonomic
(salmonid) bias, Comte et al. (2013) found general support for the
predictive studies, with a positive correlation between predicted
and observed changes in habitat suitability at the family level. They
reported that estimates of observed effects of climate change on
habitat suitability were almost eight times higher than those pre-
dicted, but are extremely variable. There was no evidence for an
overall directional shift in salmonids, even though these are com-
monly identified as being particularly sensitive to climate change.

Although some predictive studies have suggested that fresh-
water fishes will show extremely marked responses to climate
change, the limited literature published to date does not provide
any evidence that this has occurred. This may reflect the influ-
ence of several non-exclusive factors including the poor perfor-
mance of predictive models (Elith et al., 2010) or the existence
of unrecognized adaption and plasticity in freshwater fishes
(Crozier & Hutchings, 2014). Conversely, and more likely, a
marked lack of data (Comte et al., 2013) and the lag between
environmental change and species responses (Magnuson, 1990)
mean that changes have or will occur and we lack the necessary
statistical power to identify them.

Comte et al. (2013) effectively represent the state of our
understanding of how freshwater fishes are responding to cli-
mate change in terms of redistribution at a global scale. Its value
extends beyond a much-needed review and a general reaffirma-
tion of predicted patterns, as it quantifies the geographic bias of
studies examining the impact of climate change on freshwater
fishes. Of the studies examined, the great majority related to the
Palearctic and Nearctic regions, and only a single paper was
available in the literature examining distributional changes in
each of the Australasian, Oriental, Neotropical and Afrotropical
biogeographical realms. In terms of the global distribution of
freshwater fishes and fisheries, this is clearly not representative
and extremely worrying. As a community, we have been dis-
cussing climate change and fishes for more than three decades:
this lack of knowledge needs to be forestalled before the worst
impacts of climate change are felt.

Many of the regions where data are lacking support elevated
levels of endemism, and this may reflect specialization and adap-
tation to local conditions (Bootsma & Hecky, 2003; Pratchett et al.,
2011; Filipe et al., 2012). Such species may be unable to adapt to
climate change (Thieme et al., 2010), allowing a foothold to gen-
eralist invasive species that are likely to be the winners under
climate change (Moyle et al., 2013). Conversely, endemic fishes
are adapted to deal with considerable abiotic variability and may
therefore be able to resist a certain level of climate change (e.g.
Australia; Costelloe et al., 2010; Morrongiello et al., 2011).

Given the scale of predicted shifts in precipitation and tempera-
ture (Tables 7.3.1 and 7.3.2), the largest impact of climate change
on freshwater fisheries during the near future is likely to be felt in
systems where water availability falls below a threshold required to
support particular species (Xenopoulos et al., 2005). The other
major impact will be felt by the cold-adapted fishes that natively
inhabit rivers and lakes in the northern hemisphere (Sharma et al.,
2007) and support important fisheries throughout their distribu-
tion (Craig, 1984; Reist et al., 2006¢). These fishes are adapted to
harsh winter conditions (Brannis & Wilund, 1992; Shuter et al.,
2012; Hayden et al., 2013b) and are extremely sensitive to elevated
water temperatures (Fry, 1937; Edsall & Colby, 1970; Lappalainen
& Lehtonen, 1997; Lyytikainen et al., 1997). How these cold-
adapted species will respond to the relaxation of the adverse
conditions that drove their evolution is unknown, but they may be
susceptible to invasion by cool- or warmwater species previously
unable to endure harsh winter conditions (Hayden et al., 2013c). It
is likely that locally adapted coldwater fishes have some inherent
adaptive capacity to respond to increased temperatures (Jensen
et al., 2008). Indeed, extant populations of the most northern
freshwater fishes, the Arctic charr Salvelinus alpinus and the Arctic
cisco Coregonus autumnalis, are found far to the south of the
Arctic today, suggesting that there is some capacity to adapt in
these coldwater fishes, assuming that temperature and oxygen
conditions remain suitable (Harrod et al., 2002; Winfield et al.,
2010) and that interactions with cool- and warmwater fishes do
not lead to extirpation. Once habitats are lost (Preston, 2006) and
species adapted to warmwater are established, however, changes
may be such that once widely distributed species are lost from
large areas and are relegated to coldwater refugia (e.g. high-altitude
sections of rivers and mountain lakes) (Skeffington et al., 2010).
Due to the conservation and fisheries value of these coldwater
species, intervention and translocation are likely in order to con-
serve genetically relevant populations (Rahel et al, 2008,
Morrongiello et al., 2011).

Verdonschot et al. (2010) noted that many stream taxa are
probably adapted to dynamic conditions that characterize river
ecosystems and as such are likely to be resilient to some change,
e.g. at the habitat scale. They further note that major shifts, such
as changes in the phenology of snowmelt and the timing of asso-
ciated high-flow conditions, may result in the loss of specific
taxa. Verdonschot et al. (2010) warn that the loss of native taxa
combined with more dynamic, less predictable conditions may
further increase the suitability of impacted riverine habits to
invasion by generalist non-native species (Bierwagen et al.,
2008; Rahel & Olden, 2008; Britton et al., 2010).

The potential for climate change to aid the redistribution and
establishment of fishes that are non-native and potentially inva-
sive is of obvious concern (Johnson & Evans, 1990; Rahel &
Olden, 2008), especially given their often large impacts on
receiving waters (Britton et al., 2010; Cucherousset & Olden,
2011). It is clear that many such species have undergone inten-
sive shifts in their distribution in the past century, either through
invasion or by intentional human introductions. To date, it has
been difficult to model how these species’ distributions will



respond to climate change, but recent developments show great
promise (Elith et al., 2010).

Wide-scale evidence for species-level evolutionary adapta-
tion to climate change is still largely lacking (Merild, 2012;
Crozier & Hutchings, 2014). Evidence for transgenerational
plasticity in thermal responses, however, was recently reported
from the sheepshead minnow Cyprinodon variegatus (Salinas &
Munch, 2012). This exciting result suggests that some fish may
show epigenetic responses to climate change, allowing parents
to rapidly respond to shifts in conditions and influence the fit-
ness of their progeny.

Community- and ecosystem-level responses
to climate change
Freshwater fisheries often target multiple species (Allan et al.,
2005, Welcomme et al., 2010), and many fishers and fishery pro-
fessionals are interested in the impacts of climate change at the
community or ecosystem level. In terms of how freshwater fish-
eries will respond to climate change, it is important to recognize
that freshwater ecosystems and the fish communities inhabiting
them consist of an assemblage of species, populations and indi-
viduals that differ regionally (Lévéque et al., 2008; Jeppesen
et al., 2010a) and that will display their own responses to climate
change (Mooijj et al., 2005; Woodward et al., 2010; de Senerpont
Domis et al., 2013). Understanding such community-level
response to climate change is important in terms of successful
fisheries management, especially with shifts to increasingly
holistic approaches, e.g. the ecosystem approach to fisheries
management (FAO Fisheries Department, 2003; Beard et al,
2011). Fishery professionals should be aware that inherent dif-
ferences in community structure and ecosystem function
between different climatic regions may limit the utility of stud-
ies from dissimilar climatic zones to understand probable
vulnerability to climate change (Ibafiez et al., 2009; Teixeira-de
Mello et al., 2009; Jeppesen et al., 2010a; Gonzalez-Bergonzoni
et al., 2012). Furthermore, as climate change breaks down the
predictability between species responses to variation in abiotic
and biotic drivers, the capacity to predict the future response of
a particular ecosystem will lessen (Kundzewicz et al., 2008).
Climate change will affect interspecific interactions such
as predation (Jeppesen et al., 2010a), competition (Taniguchi
et al., 1998), disease (Marcos-Lopez et al., 2010), parasitism
(Marcogliese, 2001; Macnab & Barber, 2012) and facilitation
(Bruno et al., 2003), both directly through the modification of
abiotic conditions and indirectly as the species pool changes
(Meisner et al., 1987; Daufresne & Boét, 2007; Jeppesen et al.,
20104). Shifts in the competitive abilities (Persson, 1986) and
year-class strength of species previously constrained by tem-
perature may have significant impacts where interspecific
competition or predation is important in structuring fish com-
munities (Persson, 1988; Bystrom & Garcia-Berthou, 1999).
Although changes in temperature are extremely important in
terms of biological interactions (Dell et al., 2013), other factors
are important too, for example, predation pressure can increase
as water levels fall (Ghent & Hanna, 1999; Gaeta et al., 2014).
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The importance of bottom-up processes may change in
freshwater ecosystems following climate change, due to
changes in physico-chemistry or in taxa at the base of the
food web (Durant et al., 2007; de Senerpont Domis et al.,
2013), which have the capacity to cascade up to fish commu-
nities and the wider ecosystem, leading to changes in ecosys-
tem function (Meyer et al., 1999; Winder & Schindler, 2004a;
Durant et al., 2007; Thackeray et al., 2010, 2013). Shifts in
phenology driven by climate change (Shuter et al., 2012) may
affect the variable components of freshwater communities
differently, leading to poor or even failed recruitment or even
the desynchronization of the entire food webs (Thackeray
et al., 2010, 2013) through trophic mismatch (Durant et al.,
2007), with potential impacts on fisheries productivity
(O’Reilly et al., 2003). Conversely, climate change may affect
top-down regulation by fishes (Gyllstrom et al., 2005), lead-
ing to changes in ecosystem function, such as the increased
levels of omnivory recorded from warmer lakes (Jeppesen
et al., 2010b; Gonzélez-Bergonzoni et al., 2012), with impli-
cations for potential fisheries productivity.

The distribution, mobility and availability of contaminants
including persistent organic pollutants and heavy metals are
likely to shift following climate change (Reid et al., 1997;
Schiedek et al., 2007; Noyes et al., 2009; Grimalt et al., 2010),
with obvious potential detrimental effects on ecosystem health
and fisheries. At an ecosystem level, changes in UV concentra-
tions may also affect the fish community both directly through
its negative effect on individual growth (Bancroft et al., 2007),
with consequent impacts on productivity (Wrona et al., 2006a)
and fisheries (Reist et al., 2006¢), and indirectly through its
effects on lower trophic levels including primary producers as
well macroinvertebrates and zooplankton (Hader ef al., 2007).

The principal impacts of climate change on fisheries at the
community and ecosystem level will probably be changes in
community structure, as species are lost and gained reflecting
their relative capacity to tolerate conditions following climate
change, and in fish yield, as the abundance and growth of fishes
respond to climate change (Magnuson et al., 1997; MacKenzie
et al., 2007; McCullough et al., 2009). Fishery professionals
should expect marked shifts in fish community structure in the
future. In temperate systems, coldwater species are likely to be
lost, and the relative contribution of warmwater fishes to the
overall fish community will increase (Taniguchi et al., 1998;
Daufresne et al., 2003; Daufresne & Boét, 2007; Jeppesen ef al.,
2012), including invasive and non-native fishes (Johnson &
Evans, 1990; Rahel & Olden, 2008; Walther et al., 2009), with
subsequent impacts on ecosystem function (Vander Zanden
et al., 1999). These systems, like others elsewhere in the world,
probably face a homogenization of community structure and
functional diversity (Moyle & Marchetti, 2006; Buisson &
Grenouillet, 2009; Pool & Olden, 2012; Buisson et al., 2013).

Invasion of freshwater ecosystems associated with climate
change will include both non-native species (Rahel, 2002) and
native fishes that were previously unable to maintain populations
due to tolerance to local conditions, such as winter temperature
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or flood regimes (Scott & Helfman, 2001). Some lineages or
communities of fishes are ecologically flexible, which provides
protection from some effects of climate change and invasive spe-
cies, e.g. in terms of their capacity to shift diet (Bourke et al,
1999) or respond to extreme events (Costelloe et al., 2010).
Invasion will undoubtedly lead to ecological changes in many
cases (Reinthal & Kling, 1994; Vander Zanden et al, 1999;
Wenger et al., 2011a) especially as the ecosystem-level impacts of
invasive species may be magnified under climate change
(Rahel & Olden, 2008). The threats associated with invasive
species extend beyond fishes (Dukes & Mooney, 1999; Rahel &
Olden, 2008), including phytoplankton (Wiedner et al., 2007),
plants (Bickel & Closs, 2008), invertebrates (Jackson et al., 2012)
and zooplankton (Strecker & Arnott, 2008). As the proportion of
non-native species increases in a system, the threat of invasional
meltdown grows (Simberloff & Von Holle, 1999) and may have
large potential impacts on fisheries and ecosystem function.
Predicting how ecosystems will respond to climate change is
inherently difficult. In the most extreme case, there is the possibil-
ity that in the future, fishery professionals and fishers will face
climates, freshwater ecosystems and fish communities without
current analogues (Williams & Jackson, 2007; Strayer, 2010). As
precipitation patterns change and evaporation rates increase, grad-
ual shifts in the overall ecosystem state may occur (Brown et al,
1997; Folke et al., 2004), such as the loss of aquatic systems in arid
and semi-arid regions (Garcia-Ruiz et al, 2011; Hermoso &
Clavero, 2011; Filipe et al., 2012). Conversely, rapid shifts in eco-
system state may occur as key climatic thresholds are met, such as
air temperatures rising above freezing point (ACIA, 2004). In most
cases, however, the impacts of climate change will be less marked
but will result in shifts in ecosystem-level characteristics, including
biological and functional diversity (Buisson et al., 2013) and over-
all function (Chapin et al., 2000) including the level (O'Reilly et al.,
2003) and type of fishery productivity (Meyer et al, 1999;
Hamilton, 2010; Jeppesen et al., 2010a; Grimm et al., 2013). Shifts
in ecosystem function in freshwater ecosystems will not only
impact fisheries but will extend to feedbacks affecting the global
climate system itself (Hamilton, 2010; Grimm et al., 2013).

Climate change and freshwater habitats

Worldwide, fisheries target fishes inhabiting both natural
(rivers, lakes and wetlands) and artificial habitats such as
reservoirs (Lowe-McConnell, 1987; Straskraba, 2007). Fresh
waters can be widely considered useful sentinels of environ-
mental change (Adrian et al., 2009; Williamson et al., 2008)
but vary widely according to their geographical location, e.g.
by ecoregion (Schultz, 2002), latitude or elevation (Lewis 1996,
2000, 2011; Amarasinghe & Welcomme 2002). Regional dif-
ferences extend beyond the marked latitudinal and seasonal
differences in solar radiation and precipitation (Schultz, 2002).
For example, limnological contrasts exist between tropical and
temperate lakes (Lewis, 2000), and lake origin also has a large

influence on limnology (Welcomme, 2001), as well the type
and intensity of human utilization. Within lakes, the impacts
of climate change will probably differ between different lake
habitats and their fisheries, e.g. littoral, pelagic and profundal
zones. Rivers are characteristically diverse habitats (Rosgen,
1994), and their form and function can vary both seasonally
and across different geographical scales, ranging from the
broad, e.g. at the level of continental or climatic zones, through
to the narrow scale, such as the sub-catchment level
(Welcomme, 1985; Minshall, 1988; Ward et al., 2002).

The impacts of climate change on fresh waters will therefore
vary both between and within drainage basins, with specific
impacts depending on a range of factors including the geograph-
ical location, catchment geomorphology (Rosgen, 1994), hydrol-
ogy (Meyer et al, 1999; Millennium Ecosystem Assessment,
2005; Kundzewicz et al., 2007) and the origins of the water sup-
ply (Meyer et al., 1999; Verdonschot et al., 2010). Although
responses to threats such as climate change are typically man-
aged at a national level, national boundaries may be poor predic-
tors of the impacts of climate change. Many large lakes and rivers
can extend across multiple international borders, and some sig-
nificant freshwater fisheries are found in systems that straddle
different climatic zones (European Environment Agency, 20124)
including the great rivers of Eurasia (e.g. Ob and Lena) that
include Arctic and temperate regions in their catchments, the
Mekong which drains the Tibetan Plateau and tropical Southeast
Asia (Zhang et al., 2007; Prathumratana et al., 2008) and the
Murray-Darling River system which drains temperate and sub-
tropical regions of Australia (Humpbhries et al., 1999; Pratchett
et al., 2011). Even within relatively small geographical areas (e.g
England and Wales), rivers can differ in their response to changes
in air temperature (Garner et al., 2014).

Jeppesen et al. (2012) suggested that the impacts of climate
change will likely be most apparent in those systems that have been
most impacted by anthropogenic activities (e.g. eutrophication). As
such, in order for the fishery professional to have a consideration
of the probable impacts of climate change on a particular fishery,
they will also need to consider the potential for climate change to
interact with other stressors associated with human activities
(Carpenter et al., 2011), including over-extraction of water (Gleeson
et al., 2012), over-exploitation (Allan et al., 2005), habitat degrada-
tion (Pratchett et al, 2011), ecosystem modification (Ward,
1998; Allan, 2004), invasive species (Baxter et al., 2007) and
reduction in water quality (Tibby & Tiller, 2007; Clews et al., 2010).

Recent climate change has affected freshwater habitats
worldwide including shifts in temperature as well as precipita-
tion and wind patterns and intensity, evaporation rates, river
flow and lake levels (Carpenter et al., 1992; Shuter & Meisner,
1992; Kundzewicz et al., 2007, 2008; Parry et al., 2007). A sum-
mary of observed impacts with direct relevance to freshwater
fisheries, based on very broad geographical regions, is given in
Table 7.3.4. Note that this is non-exhaustive and is limited by a
lack of data for large parts of the world including the Arctic,
Asia and Africa.
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Temperature and the thermal regime

of freshwater ecosystems

The temperature of freshwater ecosystems is largely determined
by local weather, with air temperature, radiation, cloud cover,
humidity and wind affecting the flux of energy across the air-
water interface, with a lesser influence of streamflow, catchment
topography and other factors including human activities
(Caissie, 2006; MacKay et al., 2009; Nickus et al., 2010). Caissie
(2006) noted the difficulty of associating recent shifts in river
temperature with climate change due to human modification of
catchments, including the discharge of heated waters from
industry or power generation plants, regulation of lakes and
rivers by dams, modification or removal of riparian vegetation
and water abstraction (Carpenter et al., 2011).

As climate has changed (Trenberth et al., 2007) and air tem-
peratures have warmed globally, the heat balance of fresh waters
has also changed, with warming reported (Table 7.3.4) from riv-
ers and lakes across the globe. Regional net increases in freshwa-
ter temperatures have been reported worldwide including North
America (Eaton & Scheller, 1996; Isaak et al., 2012a), Europe
(Livingstone & Dokulil, 2001; Hari et al., 2006), Africa (O’Reilly
et al., 2003; Vollmer et al., 2005; Tierney et al., 2010), the Indian
subcontinent (Vass et al., 2009) and Australia (Thomson et al.,
2012). A global analysis of lake surface water temperatures
based on remote sensing from a selection of 167 lakes of size
>500km? located across the globe indicated that on average
night-time surface water temperatures increased by c. 0.05°C
year™ between 1985 and 2009 (Schneider & Hook, 2010). A
recent European Environment Agency (EEA) report suggests
that in three of the great rivers of Europe (the Rivers Rhine,
Danube and Meuse), mean annual water temperatures have
increased between 1 and 3°C over the last century. The increases
in the lower Rhine, however, were partly attributed to thermal
effluents, highlighting the complexity of identifying and pre-
dicting future responses to climate change and human
activities.

Climate modelling provides strong evidence for continued
increases in air temperatures in the future (Christensen et al.,
2007; Meehl et al., 2007), with global multiple model mean
surface temperatures for the period 2089 to 2099 estimated to
be between 1.8 and 4.0°C above the baseline (1980 to 1999),
depending on the emissions scenario used. When examined in
detail, predicted future temperature shifts differ markedly
both regionally and seasonally (see Table 7.3.1). Higher lati-
tudes in the northern hemisphere are predicted to warm the
most, e.g. the median estimated increase in annual air tem-
perature between 1980 to 1990 and 2080 to 2099 for Alaska is
4.5°C (Christensen et al., 2007). Northern latitudes are pre-
dicted to show the most warming during winter months
(Table 7.3.1), while Central Asia and southern Europe and the
Mediterranean basin are predicted to warm the most during
summer months.

With such future shifts in air temperatures and their tight
association with water temperature, freshwater fishes across
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Table 7.3.5 Predicted change in mean and high (95th percentile) water
temperatures for major world rivers between the period 2071 to 2100
and 1971 to 2000

Climatic zone and Predicted change Predicted change in

river in mean water 95th percentile of
temperature water temperature
(dtw__ ) (dTwW,,)
Arctic and boreal
Mackenzie +1.1°C (1.4) +2.2°C
Lena +1.1°C (2.1) +2.3°C
Ob +0.9°C (1.3) +1.2°C
Amur +1.5°C (2.0) +2.2°C
Temperate
Colorado +1.9°C +2.6°C
Columbia +1.6°C +1.9°C
Danube +2.1°C +2.7°C
Loire +1.6°C +1.8°C
Mississippi +2.4°C +2.7°C
Orange +1.3°C +1.0°C
Rhine +1.9°C +2.8°C
Rhone +2.1°C +2.8°C
Yellow +1.8°C +2.3°C
Tropical and subtropical
Amazon +0.5°C +0.7°C
Congo +1.4°C +1.2°C
Ganges—Brahmaputra +1.2°C +1.5°C
Indus +1.3°C +0.8°C
Mekong +0.9°C +0.9°C
Murray-Darling +1.3°C +1.3°C
Niger +1.3°C +1.7°C
Parana +1.0°C +1.2°C

Data from van Vliet et al. (2013).

the world face an overall warmer future, but the scale of tem-
perature shift depends on geographical location (Nohara
et al., 2006; van Vliet et al., 2013) and season. Recent predic-
tions of future water temperatures (Table 7.3.5; van Vliet
et al., 2013) indicate that some temperate and subtropical
regions will see the largest increases in predicted mean water
temperature: the United States, Europe, eastern China and
parts of southern Africa and Australia (all of which have
mean increases >2.8°C). The average estimated increases in
mean water temperature are especially high in Europe (2.1°C
for the Danube, 1.9°C for the Rhine and 2.1°C for the Rhone)
and the United States (2.4°C for the Mississippi and 1.9°C for
the Colorado).

Managers and resource users will need to recognize the effect
of heterogeneity on vulnerability to climate change. Freshwater
systems differ in their geomorphology, limnology and ecology
both within and between catchments. As such, the impacts of
climate change will not be constant either at a large scale, i.e.
between different geographical locations (Lewis, 2000, 2008,
2011; Palmer et al., 2008; Johnson et al., 2009), or a more local,
e.g. within-catchment, scale where different responses are likely
to be seen along the upstream-downstream gradient (Buisson &
Grenouillet, 2009).
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Water availability: precipitation,
run-off and water levels

Wherever they are located, by definition, freshwater ecosystems
require water to exist, to persist and to support fisheries.
Currently, human demand for water is such that by the late
1990s (Postel et al., 1996), it was estimated that >50% of all
accessible run-off was captured by humans, and this was pre-
dicted to increase by to 70% by 2025. Arnell (1999) predicted
that by 2025, c. 60% of the world’s population would be living in
areas subject to water stress (i.e. where >20% of available
resources were used). The combination of increases in human
populations and increased impacts on water resources and
aquatic habitats highlights a major challenge for those manag-
ing freshwater habitats (Wilby et al., 2010), further complicated
by the combined impact of these factors (Malmqvist et al., 2002)
with climate change.

Worldwide, marked changes across the hydrological cycle
have been associated with climate change (see Table 7.3.4; Bates
et al., 2008). These include shifts in the pattern and intensity of
precipitation, the timing and intensity of ice and snowmelt as
well as changes to soil moisture and run-off (Alcamo et al., 2007;
Boko et al., 2007; Cruz et al., 2007; Field et al., 2007; Rosenzweig
et al., 2007a). Furthermore, as the climate has warmed, atmos-
pheric water vapour concentrations have increased, which has
resulted in elevated evaporation rates.

Studies of recent (c. past 100 years) changes in river flow
have shown mixed results depending on the scale and area
studied (Table 7.3.4; Rosenzweig et al., 2007b). Recent
increases in river flow have been observed in large pan-Arctic
rivers (Peterson et al., 2002), and this has been associated with
long-term climatic cycles (e.g. NAO) and changes in global
surface air temperatures. The role of climatic change in this is
controversial, as it is difficult to separate the effects of climatic
change and regulation for hydroelectrical generation in some
of the larger Arctic rivers (Anisimov et al., 2007). Elsewhere,
river regulation has probably dampened responses to climate
change and even possibly increased ecological resilience to cli-
mate change, e.g. in the Colorado River basin (Hatcher &
Jones, 2013).

With continued climatic change and as run-off declines in
regions that are currently wet, large lakes will become less com-
mon, with large systems probably being dissected into smaller
ones. In those regions where run-off is predicted to increase,
Tranvik et al. (2009) suggested that many small waterbodies will
be formed, while small lakes may combine to form new, larger
lakes. In all geographic regions, the size distribution will be
dominated by small lakes (Downing et al., 2006).

The hydrological changes observed to date (Table 7.3.4) are
predicted to continue under future climate change, and many
regions will probably undergo marked reductions or increased
variability in precipitation (Christensen et al., 2007); this will
not only affect the availability of water for aquatic habitats
(Barnett et al., 2005; Milly et al., 2005; Immerzeel et al., 2010;

Table 7.3.6 Effects of climate change on river flow: Percentage changes in
predicted mean (deean), low (dQ,,) and high (dQ,) river flows for the period
2071 to 2100 compared to the period 1971 to 2000 based on averages
calculated from six general circulation model (GCM) experiments (A2 and B1
scenarios). NS, non-significant (P>0.05) difference between the two periods.
Note marked decrease in low flows

Climatic Predicted Predicted Predicted
region and change in change in change in
river mean flow low flows high flows
dq,..) dQ,) dQ,)
Arctic and boreal
Mackenzie +22% +24% +20%
Lena +48% +31% +55%
Ob +17% +5% (ns) +21%
Amur +23% +10% (ns) +27%
Temperate
Colorado —-1% (NS) —-15% (NS) +2% (NS)
Columbia +25% (NS) -8% (NS) +20% (NS)
Danube -20% -43% -14% (NS)
Loire -23% (NS) -53% -7% (NS)
Missiikssippi —6% (NS) -20% -3% (NS)
Rhine -8% (NS) -37% +1% (NS)
Rhone -11% (NS) -46% +1% (NS)
Orange +8% (NS) 1% (NS) +11% (NS)
Yellow +23% (NS) +10% (NS) +28% (NS)
Tropical and subtropical
Amazon +21% +12% (NS) +23%
Congo +20% +12% (NS) +24%
Ganges— +4% —-13% (NS) +5% (NS)
Brahmaputra
Indus +65% +30% (NS) +78%
Mekong +3% -22% (NS) +7% (NS)
Murray-Darling -10% (NS) -25% -8% (NS)
Niger +9% —-1% (NS) +11% (MS)
Parana +12% (NS) 2% (NS) +16% (NS)

Data from van Vliet et al. (2013).

Hermoso & Clavero, 2011; van Vliet et al., 2013), but in concert
with increased air temperatures will result in enhanced evapora-
tion rates (Baettig et al., 2007; Bates et al., 2008; Kundzewicz et al.,
2008). Water availability and river discharge (Table 7.3.6) are
projected to fall in waters supporting fisheries in parts of Europe,
Asia, Africa, the Americas and Australasia (Nohara et al., 2006;
Palmer et al., 2008). The frequency of extreme weather events is
predicted to increase, including heatwaves and periods of
extreme rainfall (Christensen et al., 2007).

The impact of changed water availability on freshwater fish-
eries worldwide is further complicated by the fact that some of
the most fishery-dependent countries are located in arid or
semi-arid regions. Freshwater fisheries can provide income and
employment to significant numbers of people in these water-
stressed regions (Allison et al., 2009; Sacchi, 2011) including
important inland fisheries in the Mediterranean region and the
Niger Inland Delta in Mali, Lake Chad and the small lakes and
wetlands of the dry African Rift Valley (Allison et al., 2007).
Such semi-arid and arid regions are particularly at risk to the
impacts of climate change on freshwater systems, due to existing



water stress, increased water use, reduced precipitation
(Table 7.3.2), limited capacity for groundwater recharge and
increased population growth (Kundzewicz et al., 2007, 2008).

Increased water temperatures combined with longer periods
of low flows will affect DO concentrations and other physio-
chemical factors, including concentrations of nutrients and pol-
lutants (Delpla et al., 2009; Noyes et al., 2009; Carpenter et al.,
2011). Extreme weather events such as heavy rainfall may
impact receiving waters through inputs of contaminants or sedi-
ments (Whitehead et al., 2009), with subsequent consequences
for fisheries (Ochumba, 1990; Vondracek et al., 2003).

Some studies examining the future ecological consequences
of climate change suggest impacts may be extreme, for exam-
ple, regarding loss of species. A well-cited article by
Xenopoulos et al. (2005) modelled the likely future conse-
quences of reductions in river discharge on freshwater fish
diversity due to climate change and increasing human extrac-
tion of water. They predicted that in 30% of the world’s rivers,
up to 22% of fishes would become extinct by 2070. A recent
modelling study (Tedesco et al., 2013) suggested that reduced
water availability will lead to an 18 times increase in back-
ground extinction rates in the 10% of catchments most
affected by climate change. Of the >1000 catchments exam-
ined by Tedesco et al. (2013), however, only 20 (1.9%) were
predicted to experience extirpations of fishes that could be
attributed to climate change through reduced water avail-
ability. The authors not only highlighted that their results
contrasted greatly with the often alarming predictions regard-
ing climate change-driven extinctions for freshwater fishes
(Xenopoulos et al., 2005) but that conservation action should
be directed at the current anthropogenic threats that have and
continue to drive biodiversity loss.

Climate change is widely predicted to affect catchment hydro-
dynamics following shifts in the intensity, timing and even type
of precipitation (Milly et al., 2005; de Wit & Stankiewicz, 2006;
Bates et al., 2008). This will in turn affect erosion and weather-
ing in the catchment as well as discharge patterns in rivers and
the concentration of dissolved and non-dissolved substances
including nutrients, pollutants and sediments. In catchments
that drain glaciated or snow-covered areas (e.g. the Andes,
Himalayas and Hindu Kush), river flow is maintained during
warm dry periods by glacial melt or snowmelt (Barnett et al.,
2005; Bates et al., 2008; Hamilton, 2010). Loss of glaciers or ear-
lier melting of snow will change the supply of water to often
large river systems.

There is strong evidence that river flow has shown recent
shifts in response to climate change (Table 7.3.4). Variation in
flow is a characteristic feature of natural flowing waters world-
wide and is tightly linked to the ecology and phenology of river-
ine taxa (Moss, 2010b), but the changes are such that they are
likely to have ecological impacts. Base flows are sufficient to
provide suitable habitats and conditions (e.g. temperatures and
DO concentrations) for aquatic and riparian taxa and allow
movement of migratory fishes. Low flows typically take place
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during periods of low inputs from precipitation or snowmelt
and ice melt and can lead to reductions in water quality, as tem-
peratures increase and DO concentrations fall. As water resi-
dence times are extended under low flows, dilution capacity
falls, further impacting water quality and increasing the proba-
bility of algal growth. Low flows also have positive ecological
implications, for example, they permit the recruitment of ripar-
ian or floodplain vegetation (Gregory et al., 1991) that have
positive implications for fish stocks, e.g. through the provision
of cover (Tabacchi et al., 1998) or energetic subsidies (Zeug &
Winemiller, 2008).

Increases in flow above the base or low levels, e.g. following
pulses associated with small floods, play an important role in
structuring the physical structure of the river channel and redis-
tributing bed materials, as well as restoring water quality by
flushing away pollutants, waste products and fine silts. Larger
flood pulses following seasonal events such as ice or snowmelt
(Arnell, 1999; Immerzeel et al., 2010) are important as they not
only recharge floodplain water tables but also deposit materials
from upstream that provide habitats (e.g. large woody debris,
gravels, cobbles and boulders) and food for fishes and other
aquatic taxa. Large floods provide key migratory and reproduc-
tive cues for aquatic taxa, while also leading to the flooding and
inundation that fertilize the floodplain while opening up spawn-
ing and nursery habitats for juveniles and feeding habitats for
adults. Extreme floods may lead to marked changes in channel
morphology; loss of key habitats both in channel and in adja-
cent areas, e.g. riparian vegetation (Poff, 2002), which provides
shade, source of food and woody debris (Wilby et al., 2010); as
well as the formation of new habitats such as oxbow lakes.
Changes in the timing or intensity of floods (Malmqyvist et al.,
2002) will affect those species that are adapted to particular
hydrodynamic patterns and environmental cues (Lytle & Poff,
2004). Increased winter precipitation may lead to more scouring
and loss of spawning habitat, e.g. in redd-spawning salmonids
(Bryant, 2009; Goode et al., 2013).

Current predictions (Milly et al., 2005; Nohara et al., 2006;
Kundzewicz et al., 2008; van Vliet et al., 2013) indicate that by
the mid-21st century, there will be marked changes in water
availability and river run-off globally (Table 7.3.6). Average
annual river run-off and water availability are projected to
increase between 10 and 40% at high latitudes and in the wet
tropics (i.e. those regions located in the area between c. 30°
north and south of the Equator) but to decrease between 10%
and 30% across the mid-latitudes and in the dry tropics. The
effects of climate change on the hydrology of rivers (e.g. dis-
charge and timing and intensity of floods) and standing waters
(e.g. water level and residence times) will largely reflect changes
in the type, intensity, timing and volume of precipitation, as well
as the rate and timing of snow-and glacial-melt (Kundzewicz
et al., 2008; Verdonschot et al., 2010; Carpenter et al., 2011;
Hatcher & Jones, 2013). Many rivers draining glaciated
regions, particularly in the Asian high mountain ranges and the
South American Andes, are sustained by glacier melt during
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warm and dry periods, and warming will probably see a rise in
river flow in the near future, followed by a marked reduction as
glaciers are lost (Vass et al., 2009; Hamilton, 2010; Immerzeel
et al, 2010). Immerzeel et al. (2010) suggest that the
Brahmaputra and Indus River basins are particularly suscepti-
ble to reductions of flow. Evapotranspiration will also be
affected locally, through changes in temperature, wind, solar
radiation and atmospheric humidity and wind. This will prob-
ably counter the effects of small increases in precipitation but
amplify effects of reduced precipitation on surface waters
(Kundzewicz et al., 2007).

Lake hydrology: renewal and water levels

Climate change has and will continue to affect natural fluctua-
tions in lake volume, water levels and hydraulic retention times
(the rate at which lake waters renew themselves) (Carpenter
et al., 1992; Schindler et al., 1996; George et al., 2007), affecting
chemical and nutrient cycling (Jeppesen et al., 2010b). Variation
in lake volume and water level has implications for freshwater
fisheries including its impacts on primary productivity (Turner
et al., 2005) and access to spawning or foraging habitats
(Gaboury & Patalas, 1984). Over larger timescales, variation in
water levels has acted as a driver for speciation (Sturmbauer
et al., 2001). Some lakes, including the African Great Lakes, are
very sensitive to small changes in climate, as they receive very
little water from riverine inputs, and high year-round tempera-
tures and evaporation rates can lead to shifts in lake levels
(Bootsma & Hecky, 2003).

Variation in water levels affects how humans use fresh waters
(MacKay & Seglenieks, 2013); at the most extreme, fisheries will
be lost if water levels fall sufficiently, but fisheries will probably
be affected under future climate conditions as even relatively
small changes in water level can effect fish yields (Hickley et al.,
2002) and even boat access (Magnuson et al., 1997). If water lev-
els are not suitable for fishing, fishers may be forced to switch to
other economic activities, e.g. farming (Sarch & Birkett, 2000;
Allison et al., 2001).

When hydraulic retention times decrease (e.g. with increased
precipitation), nutrient levels are likely to be enhanced, possibly
leading to algal blooms (de Senerpont Domis et al., 2013); con-
versely, if retention times become extended, nutrient uptake
may be such that water column concentrations fall, enhancing
the release of some nutrients (e.g. phosphorus) from sediments
(Beklioglu et al., 2007). This may also lead to changes in phyto-
plankton communities, e.g. with selection for those taxa that can
thrive under low-nutrient conditions (Jeppesen et al., 2005),
with bottom-up impacts on fishery production.

Palaeolimnological measurements of variation in lake size
and water level are routinely used by palaeoecologists to recon-
struct past climate change (Battarbee, 2000; Schwalb, 2003).
Variation in such characteristics also provides a useful means to
examine contemporary climate change (Mason et al., 1994;
Magnuson et al.,, 1997), especially in non-regulated lakes
(Adrian et al., 2009). Recent studies using remote sensing

have revealed marked changes in lake surface areas associated
with climate change and human activities (Smith et al., 2005; Ma
et al., 2010). Ma et al. (2010) reported that lakes from China and
Tibet had shrunk, with c. 250 lakes being lost from northern
areas (inner Mongolia), while c. 60 new lakes appeared mostly
on the Tibetan Plateau. A comparative study of remote sensing
data of Siberian lakes from the early 1970s and late 1990s by
Smith et al. (2005) revealed that in areas of non-continuous per-
mafrost, there had been a marked loss of lakes with surface areas
>40ha; conversely, they showed that the number of lakes had
increased in areas of continuous permafrost. Tranvik et al.
(2009) modelled the global distribution and size distribution of
lakes in 2050 based on predicted run-off data under the IPCC
B1 scenario. They showed that the although the total global area
of lakes will probably remain similar, the regional distribution
of lakes will change with a decline in abundance reflecting
reduced run-off in much of North America, Western Europe,
Asia, Australia and New Zealand. Predictions for South America
and Africa are more varied with net increases and decreases pre-
dicted for different regions. Lakes that are currently permanent
in arid and semi-arid regions are likely to shrink and may even
become ephemeral in the future (Parry et al., 2007).

At a markedly different scale, a recent study (Gaeta et al.,
2014) highlighted that the ecological effects of lowered lake level
extend beyond simple changes in the volume of water. The eco-
tone that combines the littoral zone of a lake with adjacent ter-
restrial habitats represents an important source of energy and
nutrients, e.g. leaf litter (France, 1996), as well as the structured
habitat for lake fishes and their prey provided by coarse woody
debris such as fallen trees. Gaeta et al. (2014) showed that over
the period of a prolonged drought during which lake levels fell
by 1.1 m, >75% of coarse wooden debris was lost from the litto-
ral zone. This loss of structured littoral habitat was associated
with a crash in yellow perch Perca flavescens and markedly
reduced growth performance in their main predator, the large-
mouth bass Micropterus salmoides. Although other unmeasured
factors may have been responsible for the loss of P. flavescens
and the reduction in M. salmoides growth, this study highlights
that changes in lake levels driven by climate change may have
large biological consequences at the scale of a single lake.

Lake mixing and thermal structure

Lakes vary considerably in the relative intensity of water column
mixing (Hutchinson & Loffler, 1956; Lewis, 1983, 2000): in fresh
water, stratification is typically thermal, with the timing and amount
of mixing varying broadly by latitude (Lewis, 2000; de Senerpont
Domis et al., 2013). The relative amount of mixing is related with
both climatic, e.g. solar radiation and wind (Wetzel, 2001), and
physical factors, such as lake size and fetch, as well as the presence of
inflowing waters (Lampert & Sommer, 2007), with a strong influ-
ence of latitude (Hutchinson & Loffler, 1956). Where thermal strati-
fication takes place, warmer, thermally homogeneous surface waters
(the epilimnion) overlay lower cooler waters (hypolimnion), with
the two water masses separated by a region (metalimnion) where



water temperatures change rapidly (thermocline). There are reports
from temperate and tropical regions of increased thermal and
hydrodynamic stability in lakes with stratifying periods starting
earlier and extending by several weeks (Livingstone, 2003; O'Reilly
et al., 2003; George et al., 2007; Arvola et al., 2010).

The physical process of mixing, or conversely the presence of
stratification, has major impacts on the ecology of a waterbody
and its fisheries. Mixing or stratification of the water column
affects lake physico-chemistry including nutrient transfer, as
well as phytoplankton productivity (Lampert & Sommer, 2007)
and community structure, with periods of extended stratifica-
tion associated with the increased probability of cyanobacteria
(Paerl & Huisman, 2009; de Senerpont Domis et al, 2013).
Stratification affects primary production (de Senerpont Domis
et al., 2013), and reduced upwelling of nutrient-rich waters in
the East African lakes associated with recent climate change has
been associated with a reduction in fisheries yield of c. 30%
(O’Reilly et al., 2003).

The presence and extent of thermal stratification affect the
availability and quality of habitats for fishes and other taxa
(Coutant, 1985; Harrod & Grey, 2006; Jones et al., 2008). The
presence of different thermal masses within a single body of
water permits fishes belonging to different thermal guilds to
coexist in many temperate lakes (Barange & Perry, 2009),
increasing fishery potential. Stratification can also have sublethal
or lethal effects: cooler hypolimnetic waters can become deoxy-
genated during summer months in stratified temperate lakes,
forcing coldwater fishes into warmer surface waters, where tem-
peratures may be such to restrict growth through metabolic
stress or, in extreme cases, even cause death (Aku & Tonn, 1997;
Lappalainen & Lehtonen, 1997), a process known as thermal
squeeze (Coutant, 1985). Periods of lake turnover, i.e. when
stratification breaks down, can also lead to rapid deoxygenation
of the water column and can cause fish kills with obvious conse-
quences for fisheries (Aku & Tonn, 1997; Vondracek et al., 2003).

Climate change has reportedly resulted in changes in the
thermal structure of lakes worldwide (Table 7.3.4). Such impacts
are predicted to continue in the future, with shifts in the extent
and phenology of mixing with associated impacts on primary
producers and their consumers (Shuter & Meisner, 1992; De
Stasio et al., 1996; Boehrer & Schultze, 2008; de Senerpont
Domis et al., 2013), and will probably affect freshwater fisheries.
Changes to lake productivity have obvious potential impacts on
overall fisheries yields (O’Reilly et al., 2003), but changes in
stratification are likely to selectively impact those fishes that
currently rely on access to well-oxygenated hypolimnetic waters
to act as a coldwater thermal refugia during summer periods
such as the coldwater coregonids and salmonids that support
fisheries in the northern hemisphere (Magnuson et al., 1990;
Schindler et al., 1990; Shuter et al., 2012).

Ice cover
Where conditions are suitable, such as higher latitudes and alti-
tudes, lakes and rivers naturally freeze, driving fishers to develop
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several specialized gears to exploit fishes from under the ice
(Gabriele et al., 2005). The extent and timing of ice cover varies
between geographical locations and reflects local lake and river
characteristics (Weyhenmeyer et al., 2011). As air and water
temperatures have shifted, the distribution, extent and phenol-
ogy of ice cover have changed on lakes and rivers worldwide
(Table 7.3.4; Magnuson et al., 2000; Hampton et al., 2008;
Magnuson, 2010; Weyhenmeyer et al., 2011). The dates of
freeze-over and ice thaw, the thickness of the ice and the length
of the ice cover have changed in lakes and rivers across the
northern hemisphere (Magnuson et al., 2000; Hinzman et al.,
2005; Moore et al., 2009). Examining records from the period
1846 to 1995 over which air temperatures increased by c. 1.2 per
100 years, Magnuson et al. (2000) showed that the timing of
freezing was delayed by c. 6 days per 100 years, while the date of
ice break-up advanced by c. 7 days per 100 years. They also
noted that in the late 20th century, there was an increase in
inter-annual variability in freeze and break-up dates.

Ice cover (and its break-up) has marked physical, chemical
and ecological impacts for lentic and lotic ecosystems
(Scrimgeour et al., 1994; Bayley, 1995; Prowse et al., 2006;
Magnuson, 2010), as well as for fishes and those exploiting
them (Lehtonen & Lappalainen, 1995; Jackson et al., 2001; Reist
et al., 2006a; Hayden et al., 2013b). Extended periods of ice
cover not only affects habitat availability and quality for fishes
(Craig, 1989) but restrict access to fishes and potential markets
by fishers (Prowse et al., 2006). Ice cover can, under certain
conditions, lead to fish kills through deoxygenation, with obvi-
ous fisheries implications (Greenbank, 1945; Barica & Mathias,
1979). As climate change leads to reduced ice thickness and less
snow cover, algal production under the ice will increase, allow-
ing more oxygen production and potentially reducing fish kills
(Wrona et al., 2005).

Future warming is predicted to further affect ice cover and
the fish communities resident in affected systems (Magnuson et al.,
1997; Stefan & Fang, 1997; Fang & Stefan, 1999, 2009; Stefan
et al., 2001), with ice cover being reduced or even lost from
many freshwater ecosystems, although variability will be marked
between systems (Weyhenmeyer et al., 2011). Previous climatic
shifts in the northern hemisphere were associated with marked
changes in the phenology of ice cover of rivers and lakes (Shuter
et al., 2012). The response of freshwater fisheries to changes in
ice cover will depend on the geographical location as well as the
physical characteristics of the waterbody (Weyhenmeyer et al.,
2011); it will also affect fishes differently according to their ther-
mal guild and preferred habitats (Hayden et al., 2013a). Current
and future warming will result in shortened winter seasons in
higher latitudes (Kundzewicz et al., 2007; Meehl et al., 2007);
this will result in changes in winter phenology (Shuter et al.,
2012) which plays a fundamental role in the life cycle of many
cold- and coolwater fishes. Reductions in ice cover, in tandem
with warming of surface waters, will probably lead to increased
fish growth (Nyberg et al., 2001), production and access to
fishes. Combined with a reduction in winterkills, these are
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generally positive outcomes from a fisheries perspective, but the
loss of ice-adapted fishes (Magnuson, 2010) may result in shifts
to fish communities including less preferred species (Hayden
et al., 2013, ¢).

Water quality

Climate change has and will continue to affect the physico-
chemistry of freshwater ecosystems beyond the thermal changes
that Caissie (2006) considered a source of thermal pollution on
a global scale. Warming and changes in water availability in
fresh waters will also impact water quality (Tibby & Tiller, 2007;
Prathumratana et al., 2008; Delpla et al., 2009; Grimalt et al.,
2010), with changes in the mobility and dilution of pollutants
and contaminants (Wrona et al., 2006a; Whitehead et al., 2009)
and DO concentrations (Arnell, 1998; Fang & Stefan, 2009;
Hamilton, 2010) which are key to habitat quality for freshwater
fishes (Doudoroft & Shumway, 1970; Alabaster & Lloyd, 1980;
Portner & Peck, 2010). The potential effect of climate change on
water quality may differ between countries of different develop-
ment states (Kundzewicz et al., 2008). Beyond the potential to
drive variation in fish production, community structure and
fishery yield (Welcomme, 1985; Jackson et al., 2001),the
increased mobilization of pollutants associated with climate
change (Grimalt et al., 2010) may limit the suitability of fishes
for sale and human consumption (Schiedek et al., 2007; Noyes
et al., 2009; Grimalt et al., 2010).

Climate change, energy and nutrient availability
The ecosystems and associated food webs that support freshwa-
ter fisheries represent a complex arrangement of dynamic inter-
actions between abiotic and biotic factors, many of which are
sensitive to climate change (Meyer et al., 1999; Wrona et al.,
2006b; Hamilton, 2010). Although fresh waters cover a relatively
small proportion of the earth’s surface, they can play a signifi-
cant role in global biogeochemical cycling, for instance, the car-
bon and nitrogen cycles (Vitousek et al., 1997; Cole et al., 2007;
Moss, 2012), and store carbon at a greater rate than marine habi-
tats. Climate change has, and will, continue to qualitatively and
quantitatively affect both carbon and nitrogen cycles in freshwa-
ter systems (Denman et al., 2007; Tranvik et al., 2009; Jeppesen
et al., 2010b; Yvon-Durocher et al., 2010; Bastviken et al., 2011;
Moss, 2012), e.g. the quantity and the manner by which energy
(carbon) and nutrients (e.g. nitrogen and phosphorus) are fixed,
transformed, stored and transported in and through lakes, riv-
ers and wetlands (Porcal et al., 2009; Tranvik et al., 2009; Moss,
2012), many of which have implications for fisheries.

Fishery production will probably change due to climatic
effects on community structure and the abundance of certain
species (Jeppesen et al., 20104, b), but through food web pro-
cesses (Cury & Pauly, 2000), as fisheries rely on the flow of
energy and nutrients from lower trophic levels to fishes
(Woodward et al., 2010). Fish consume primary producers and
consumers, assimilating energy and nutrients, which are ulti-
mately synthesized as somatic tissues and are available to

humans and other piscivores. Climate change has the potential
to not only affect predator-prey relationships (Bystrom et al.,
2007; Jeppesen et al., 2010a) but also the phenology, origin and
level of the basal resources (energy and nutrients) (O'Reilly
et al., 2003; Winder & Schindler, 2004b; Thackeray et al., 2010)
that support the production of higher trophic levels such as
fishes (Baulch et al., 2005). For example, the energy (carbon)
that underpins fish production can originate from a complex
mix of photosynthetic (Hecky & Hesslein, 1995; Jones et al.,
1998; Grey et al., 2001; Pace et al., 2004) or even chemosynthetic
(Grey et al., 2004; Ravinet et al., 2009; Jones & Grey, 2011)
processes.

As well as the autochthonous carbon produced through pri-
mary production within a given ecosystem, fresh waters also
receive subsidies of allochthonous carbon from the surrounding
catchment, which can play an important role in the ecology and
dynamics of fresh waters (Grey et al., 2001), including energetic
subsidies to higher trophic levels such as fishes (Jones et al.,
1998). Terrestrial carbon entering fresh waters is largely received
(Porcal et al., 2009; Tranvik et al., 2009) as either dissolved inor-
ganic carbon (DIC) or dissolved organic carbon (DOC), while
inputs of both particulate organic carbon (POC) and particulate
inorganic carbon make a lower contribution. The relative
importance of these different inputs varies with latitude, catch-
ment type and hydrology and has already shown a measurable
response to climate change (Monteith et al., 2007; Nickus et al.,
2010). For instance, some temperate freshwater systems
(Monteith et al., 2007) are receiving increased inputs of
terrestrial-derived organic matter, including DOC from the sur-
rounding catchment through so-called browning. Increases in
DOC export to fresh water have been associated with multiple
aspects of climate change including shifts in atmospheric chem-
istry and deposition, changes in precipitation, drought and
warming (Monteith et al., 2007; Porcal et al., 2009).

The increased presence of DOC in fresh waters has marked
implications that extend across levels of biological organization
and has potential positive and negative implications for fisher-
ies. Due to effects on water transparency and its capacity to
absorb UV radiation, DOC can reduce UV damage in sensitive
taxa and life stages, e.g. fish eggs and larvae (Williamson et al.,
1997; Reist et al., 2006¢; Héder et al., 2007). DOC has complex
interactions with heavy metals, but increased DOC concentra-
tions can result in reduced metal toxicity (Porcal et al., 2009).
Significant inputs of DOC can affect food webs; primary pro-
ductivity can be reduced at the whole lake scale due to the atten-
uating effect of DOC on sunlight (Roulet & Moore, 2006);
conversely, terrestrial-derived DOC can provide a trophic sub-
sidy to consumers in freshwater systems, including fishes (Jones
et al., 1998; Pace et al., 2004). Future changes in catchment con-
ditions will probably affect the export of DOC to fresh waters,
with drier conditions leading to less run-off and increased DOC
inputs and run-off under wetter conditions (Porcal et al., 2009).

The nitrogen cycle is not only integral to life on earth
(Galloway et al., 2008), but plays an integral role in climate



systems (Denman et al., 2007). As humans have modified land-
scapes and the global nitrogen cycle, for example, through food
production and energy production (Vitousek et al, 1997;
Galloway et al., 2008; Moss, 2012), ecosystems have responded
(Vitousek et al., 1997; Anderson & Cabana, 2005) to increased
availability of this and other nutrients such as phosphorus,
which has been released into aquatic systems from agricultural,
industrial and domestic sources. In many fisheries, mild
eutrophication associated with nutrient additions is typically
thought to have positive impact on fish yield, but increased lev-
els of eutrophication are typically associated with habitat degra-
dation and a reduction in fishery quality due to shifts away from
preferred high-value species (Hasler, 1947; Niimann, 1972;
Jeppesen et al., 2005).

Predicting how climate change will impact the flow of
energy and nutrients through an ecosystem will be difficult as
the effects will vary according to the climate change scenario,
ecosystem type as well as latitude and elevation (Wrona et al.,
2006b; de Senerpont Domis et al., 2013), leading to a contin-
uum of potential states under future warming (Seitzinger
et al., 2010, Moss, 2012). Some general observations, however,
can be made to inform fisheries professionals, who will need
to consider the likelihood of impacts on particular fisheries on
a case-by-case basis.

Within lotic ecosystems (Meyer et al., 1999; Whitehead et al.,
2009; Hamilton, 2010), as precipitation, run-off and river flow
are affected by climate change (van Vliet et al., 2013), the timing
and extent of flooding will shift. This, combined with changes in
water temperature, will modify the supply of nutrients and the
relative contribution of allochthonous (e.g. benthic algae and
macrophytes) and autochthonous (e.g. leaf litter and other
terrestrial-derived materials) carbon to riverine fishes (Vannote
et al., 1980; Junk et al., 1989; Junk, 2002; Hamilton, 2010; Hering
et al., 2010). As water temperatures rise, the decomposition rate
of organic matter derived from terrestrial habitats and nitrogen
flux in run-off will increase, resulting in higher nutrient concen-
trations (Hering et al., 2010). In scenarios where river flows
are reduced, effluents will be subject to less dilution, leading
to increased nutrient concentrations in rivers. Under such a
scenario, enhanced eutrophication of rivers can be expected and
strengthened by high water retention time during periods of low
flow. Denitrification, however, is likely to be enhanced during
periods of low flows and increased water temperatures, result-
ing in loss of nitrogen to the atmosphere, although Moss (2012)
notes that in tropical areas at least, nitrogen fixation may also
increase.

In lentic systems, climate change will both modify internal
processes such as lake hydrodynamics as well as their interac-
tions with the wider catchment (Magnuson et al., 1997; George,
2010; Moss, 2012). This will alter the relative contribution of
energy and nutrients derived from either benthic or pelagic
habitats within the system (Schindler & Scheuerell, 2002;
Vadeboncoeur et al., 2002; Vander Zanden & Vadeboncoeur,
2002) or via terrestrial-derived sources (Solomon et al., 2011) to
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lake fisheries. De Senerpoint Domis et al. (2013) provide a
detailed and useful summary of the predicted impacts of climate
change on lake productivity globally, including shifts in nutrient
dynamics, primary producer seasonal dynamics, community
structure and biomass. Their predictions regarding increased
production in tropical lakes following future increases in pre-
cipitation were criticized (Sarmento et al., 2013), largely as the
latter group of authors felt that the more likely scenario for
many tropical lakes, e.g. in East Africa, was one of reduced pro-
ductivity due to increased thermal stability (O’Reilly et al., 2003;
Tierney et al., 2010). Predictions of changes in primary pro-
ducer community structure extend to an increased risk of harm-
ful cyanobacterial blooms in certain ecosystems, e.g. eutrophic
lakes or rivers (Paerl & Huisman, 2009), as water temperatures
rise and water column mixing is reduced. This will affect not
only nutrient dynamics, with a consequent impact on fish pro-
ductivity, but has the further risk of tainting of fish flesh and, in
extreme cases, causing fish kills. Under such extreme cases,
access to fisheries may also be restricted, due to risks to human
health (Paerl & Huisman, 2009).

Salinity

Salinity acts a major filter of aquatic biodiversity (Gasith &
Resh, 1999), including fishes (Nelson, 2006), with increased
salinities selecting against non-tolerant stenohaline fishes.
Changes in salinity can therefore have drastic effects on habitat
suitability, abundance and production of fishes (Blanco et al.,
2007; Jeppesen et al., 2010a, 2012) with consequences for fresh-
water fisheries. Salinization of fresh waters is an ongoing envi-
ronmental issue in arid and semi-arid areas across the globe
(Williams, 1999; Kundzewicz et al., 2007; Garcia-Ruiz et al,,
2011). The process has extremely negative consequences for
fresh waters and the goods and services they provide to human
societies and is typically associated with saline intrusion of
aquifers due to over-extraction of groundwater for irrigation, as
well as changes in land use, sea level rise and desertification
(Williams, 1999), and will be greatly exacerbated by climate
change (Kundzewicz et al., 2007, 2008). In extreme cases, salini-
zation is likely to lead to the loss of freshwater fishes from the
community and a shift to euryhaline fishes, many of which may
be generalist and non-native (Rahel & Olden, 2008). An extreme
example of the impact of salinization on a ‘freshwater’ fishery is
provided by the Aral Sea. Here, salinization associated with the
development of large-scale irrigation schemes to improve agri-
culture in this arid region resulted in catastrophic degradation
and loss of lake habitats (Zholdasova, 1997; Butorina, 2007). In
turn, there was a change from an endemic-dominated to a non-
native-dominated fish community and a complete loss of the
commercial fishery (Zholdasova, 1997).

Conversely, increased precipitation associated with climate
change will result in some currently brackish water habitats
becoming increasingly fresh water, such as the Baltic Sea
(Stigebrandt & Gustafsson, 2003), which will allow increased
reproduction and production of freshwater fishes that are
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currently limited by salinity (Harma et al., 2008) with subse-
quent impacts on fish communities and fisheries (MacKenzie
et al., 2007).

Climate change impacts on fishers
and fisheries

A main challenge for fishery professionals under a scenario of
climate change is to maximize or optimize fishery production,
without negatively impacting biodiversity or the provision of
ecosystem goods and services. Like other socio-economic sec-
tors (Wilbanks et al., 2007), the different subcomponents (com-
mercial, artisanal and recreational) of freshwater fisheries are
vulnerable to climate change (Ford et al, 2006; Daw et al.,
2009) and face threats, as well as future opportunities, to which
they must adapt (Badjeck et al., 2010; De Young et al., 2012).
Climate change has already affected freshwater fish production
(O'Reilly et al., 2003), and the inertia residual in the climate
system is such that even if emissions stopped totally tomorrow,
fisheries would be exposed to continued climate change for
most of the next century (Meehl et al., 2007). Throughout this
chapter, the difficulties in predicting the response of freshwater
ecosystems and fishes to climate change have been repeatedly
stated. Extending predictions to fisheries themselves adds
another layer of complexity, due to the uncertainties regarding
how fishers and associated socio-economic systems will
respond to climate change (Sharp, 1987; Allison et al., 2007;
Plaganyi et al., 2011).

The response of the fishes targeted by fisheries to climate
change will be extremely variable and will vary regionally, taxo-
nomically and according to habitat type; furthermore, changes
may be gradual or abrupt. Climate change may lead fishes tar-
geted by freshwater fisheries to increase or decrease (or even
become extirpated; Xenopoulos et al., 2005) in a particular
region or fishery, for their population dynamics to become more
or less variable (Jeppesen et al., 2012), for community structure
to change (Jeppesen et al., 2010a) and for growth seasons to be
extended or even truncated (Lappalainen & Lehtonen, 1997),
affecting fishery yields. Managers need to be ready to incorpo-
rate changes in fish distributions into their plans (Link et al.,
2011), with cold- and coolwater fishes moving polewards
(Comte et al., 2013) or to higher elevations (Hari et al., 2006;
Comte & Grenouillet, 2013) or conversely not (VanDerWal
et al., 2012). Fishers may lose access to traditional fisheries but
gain access to new fisheries (Ford et al., 2006; De Young et al.,
2012). Changes in contaminant or parasite dynamics may mean
that although fishes are present, they are unsuitable for sale
(Marcogliese, 2001; Noyes et al., 2009; Grimalt et al., 2010). The
efficiency of fishing gears will change, and the fishing knowl-
edge built up over generations may become ineffective (Silvano
& Valbo-Jergensen, 2008). The demand for fishery products
and access to fisheries as a source of employment, protein and
recreation will change (Badjeck et al., 2010), as will the array of

environmental challenges facing fresh waters (Meyer et al.,
1999; Schindler, 2001; van Vliet et al., 2013).

Adapting to climate change will mean trade-offs between bio-
logical resources and socio-economic drivers (Koehn et al.,
2011), and management schemes will need to be adaptive allow-
ing management responses to be robust to unexpected out-
comes (Plaganyi et al, 2011). In order to maximize adaptive
capacity in the freshwater fishery sector, governments may need
to invest in education for fishers and fishery managers and pro-
vide funding for commercial and artisanal fishers and, as air
temperatures increase, to ensure that suitable cold storage and
transport systems are available for fishery products (Young &
Muir, 2008). Clearly, fishery professionals potentially have a
busy time ahead, but in the short term, ongoing non-climate
challenges, e.g. changes in markets, demographics, over-
exploitation and governance regimes, as well as reduced water
availability, may have a greater effect on fisheries than climate
change (Nijssen et al., 2001; Daw et al., 2009).

Fisheries of all types continue to have significant negative
impacts on the environment (Cooke & Cowx, 2006), and there
is a need for sustainability in artisanal (Allison et al., 2001),
commercial (FAO Fisheries Department, 2003) and recreational
(FAO, 2012) sectors. This is particularly important when the
impacts of human population growth are considered and the
need for food security (Wheeler & von Braun, 2013). As human
populations grow and undergo redistribution, their impacts on
fresh waters extend beyond a simple increased demand for
fishes (and access to fisheries) and will include disruptions to
the hydrological cycle, changes in land use and pollution
(Whitehead et al., 2009).

As climate change impacts fisheries worldwide, countries,
industries, communities, families and individuals will be
affected differently (Wilbanks et al., 2007; Allison et al., 2009;
Badjeck et al., 2010). At a community level, the risks and
rewards, as well as the capacity to adapt to climate change itself,
are unevenly distributed both across and within fishing com-
munities (Daw et al., 2009). This reflects variation in the avail-
ability of education, material resources and technology, but also
governmental and non-governmental structures and networks.
A series of authors have noted that vulnerability to the impacts
of climate change (and other non-climate drivers of change in
fisheries) can be reduced through the development of adaptive
capacity (Allison et al., 2007; Badjeck et al., 2010; Wilby et al.,
2010; Plaganyi et al., 2011), and Daw et al. (2009) called for gov-
ernment intervention to develop adaptive capacity within vul-
nerable communities. This reflects the fact that freshwater
fisheries can often be operated by socially vulnerable parts of
society, i.e. they may be low-income and indigenous peoples
(Anisimov et al., 2007; Hennessy et al., 2007; Lynn et al., 2013),
who already have reduced access to employment, health ser-
vices and infrastructure (Field et al., 2007).

Fishers living in or close to poverty are likely to be particu-
larly vulnerable to climate change (Cruz et al., 2007; Hennessy
et al., 2007) as they may be facing a poverty trap, i.e. they are



financially unable to adapt or diversify to the changes forced on
them by climate change (Cinner et al., 2009). Those parts of
society with strong cultural links to the traditional use of fresh-
water resources such as indigenous peoples may face the most
difficult transition in terms of adapting to future conditions
(Anisimov et al., 2007).

Managers and policymakers need therefore to consider the
socio-economic context of the different groups and individuals
involved in fisheries and how this will affect their capacity to
adapt to climate change. Badjeck et al. (2010) identified that
fishery managers and policymakers needed to develop
approaches and policies that strengthened the fishers’ liveli-
hood asset base, i.e. to diversify and develop the means by
which fishers make their livelihood. Furthermore, they sug-
gested that managers should be aware of the potential opportu-
nities offered by climate change such as increased yields (Wrona
et al., 2005).

Understanding the responses of fishers and their cultures,
communities and households to gradual change or sudden
events, e.g. changes in the availability of fishes, new legislation,
past environmental change and extreme weather events, can
provide important information to policymakers on existing
adaptive strategies that might minimize vulnerability to climate
change and maintain fishery-associated livelihoods (Allison
et al., 2001; Berkes & Jolly, 2001). Studies examining traditional
ecological knowledge (Silvano & Valbo-Jergensen, 2008) and
traditional management systems (Neiland et al., 2000b) from
areas that have historically encountered climatic variation such
as arid zones have particular value. Allison et al. (2007) pro-
vided an excellent case study from Lake Chilwa in southern
Malawi, which, under favourable (i.e. high water level) condi-
tions, provides half of all fish production in Malawi, while dur-
ing periods of low water, fish yields fall. Allison et al. (2007)
compared how the fisher community of Lake Chilwa responded
to major reductions in lake level. They reported on the develop-
ment of two main strategies among fishers: the first was shown
by local residents who engaged in various mixes of farming,
trading, wage labour, self-employment as well as fishing, with
fishing and fish trading typically providing between 30 and 50%
of the total household income. The second strategy was exhib-
ited by migrants to the area who were heavily dependent on
fishing and fish trading, with the two activities contributing
>80% to their household incomes. This study highlights the fact
that groups of stakeholders that will show different responses
and vulnerabilities to climate change. This conclusion was sup-
ported by Cinner et al. (2009), whose work on individual marine
fishers in East Africa examined the proportion of fishers that
would exit the fishery with magnitude of decline in catch. They
showed that those fishers most likely to stop fishing were from
higher-income backgrounds and factors such as level of capital
investment in the fishery had no significant influence. Cinner
et al. (2009) revealed that fishers from the poorest households
felt unable to exit a fishery under marked decline, i.e. they were
subject to a poverty trap.
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Climate change will lead to a redistribution of fishing activi-
ties. In some areas, freshwater systems and their associated
fisheries will be lost (Smith et al., 2005), but in other areas,
new opportunities for fisheries will appear (Milner et al.,
2008). Following climate change in the Arctic, the northern
limit for activities such as forestry and agriculture is predicted
to shift north by several hundred kilometres by 2050 (ACIA,
2004; Parry et al., 2007). The northern limit for other human
activities is also likely to shift north (Stephenson et al., 2011),
opening new systems for recreational and commercial fishing
(ACIA, 2004; Wrona et al., 2005), as well as the demand for
food and alternative employment. Similar but less drastic
shifts are likely in southern South America, where invasive sal-
monids support economically important recreational fisheries
(Soto et al., 2001) and will probably extend their range into
Patagonia.

Climate change will also affect patterns of tourism, including
recreational fisheries, with more northern areas becoming
increasingly accessible for tourists (Hamilton et al., 2005), and
possible shifts in the distribution of preferred fishes (Link et al.,
2011). The current direction of tourism in Europe is predomi-
nantly from the north to the south, but climate change will
probably lead to the area of favourable climate for tourists mov-
ing northwards (European Environment Agency, 2012a), allow-
ing increased potential for fisheries to support and target tourist
anglers in these areas. Fisheries managers in these regions need
to be aware of the potential to develop fisheries but also ensure
that their negative impacts (Cooke & Cowx, 2006; Lewin et al.,
2006) are limited. Elsewhere, recreational fishery managers will
have to re-evaluate the ethics of angling practices in their waters,
as water temperature rises and stress from catch-release activi-
ties increases (Gale et al., 2013).

As part of the drive to increase sustainability in freshwater
fisheries, there is a need to consider the impacts (Cowx &
Gerdeaux, 2004; Cooke & Cowx, 2006; Lewin et al., 2006) and
the environmental footprint (Wackernagel et al., 1999;
Wheeler & von Braun, 2013) of fisheries and associated activi-
ties, including greenhouse gas emissions. Although individual
behaviour is very varied (Fisher, 1997), anglers typically use
motorized transport to access fisheries, and some individuals
travel extreme distances (e.g. between continents) to fish par-
ticular waters or to target particular species. In commercial
and artisanal fisheries, significant amounts of energy (typi-
cally provided by fossil fuels) is required to travel to and from
the fishing ground, to locate and capture the fishes, to process
and preserve the catch (Young & Muir, 2008) and for its trans-
portation to the end consumer (Gulbrandsen, 2012). In terms
of fish capture, different gears and fishing techniques have dif-
ferent fuel costs (and emissions), but boat speed is the most
important factor (Gulbrandsen, 2012). Commercial and arti-
sanal fishers can optimize their speed, fuel consumption and
emissions by keeping the boat hull clean to maximize hydro-
dynamic efficiency and through the installation of an engine
tachometer.
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Fisheries are notably reliant on climate-sensitive systems and
resources (Sharp, 1987; Badjeck et al., 2010), and fishing prac-
tices are typically based on knowledge of particular short-term
climatic processes (Sharp, 1987), ecosystems and target fishes
that are developed over time and passed between fishers (ACIA,
2004), for example, through local ecological knowledge (LEK;
Silvano & Valbo-Jergensen, 2008). As climate change affects the
weather, aquatic systems and fishes, their prey and predators,
the utility of LEK built up over generations is becoming less
valuable (ACIA, 2004), although knowledge from older mem-
bers of the community who have previously faced environmen-
tal extremes may provide increased adaptive capacity (Silvano &
Valbo-Jorgensen, 2008).

As well as the impacts of gradual climate change that will
affect the freshwater systems and fish communities on which
they rely, climate change means that fishers will become
increasingly exposed to changes in weather that may lead to the
long-term modification of the ecosystem itself but also can
increase the risk of injury or even death, e.g. due to changes in
ice thickness (Ford et al, 2006) or flooding (Haines et al,
2006). Extreme weather events such as storms and floods may
damage gears, risk lives (Haines et al., 2006) and restrict fishery
operations (European Environment Agency, 2012a). For
instance, changes in the length of ice cover and ice thickness in
Arctic and cold-temperate regions will affect the ease by which
fishers can transport equipment and fish catches across lakes
and rivers (ACIA, 2004; Wrona et al., 2005) and fishing strate-
gies themselves (Ford et al., 2006). Increased storminess may
also expose fishers to increased risk of injury or drowning, and
insurance costs and coverage are likely to change (Wilbanks
et al., 2007). Loss of permafrost in the Arctic has led to failures
in infrastructure which may affect the suitability of the area to
support fisher communities (ACIA, 2004).

Changes in temperature may affect the occupational health
of fishers and their communities (McMichael et al., 2006; Bates
et al., 2008). The associations between climate change and
human health are complex and include increased risk of drown-
ing during flood conditions (European Environment Agency,
2012a), as well as a raft of potential health issues (McMichael
et al., 2006; Bates et al., 2008; Lafferty, 2009; Altizer et al., 2013).
Harmful algal blooms (Paerl & Huisman, 2009) have the poten-
tial to cause health problems, as well as cause fish kills and
restrict access to fishing grounds or even sales of fishes.
Increased air temperatures will increase the risk of heat expo-
sure (Hitz & Smith, 2004; Confalonieri et al., 2007). Exposure
to increased concentrations of UVR (Reist et al., 2006¢; Hader
et al., 2007) has a range of associated health impacts that range
between UVR-induced sunburn through to increased risk of
skin cancers. Conversely, in regions where air temperatures
currently restrict fishery-related activities such as in the Arctic,
working condition may improve for fishers, with a reduction in
cardiovascular and respiratory deaths and the number of cold
weather-associated injuries such as frostbite and traffic acci-
dents (Confalonieri et al., 2007). Fishery managers interested

in the probable health implications of climate change are
directed towards a EEA report (2012a) into vulnerability to cli-
mate change.

Management

Fisheries management is by its nature a complicated field
(Hart & Reynolds, 2008); it aims to maintain fish yields and
allow access to fishery resources to a range of often conflicting
stakeholders while minimizing the impact of fishery activities
on the fishes and ecosystems that support the fisheries. Climate
change has the potential to further test the capacity of fishery
professionals to manage fisheries. In some areas, there are
almost no baseline data (Hlohowskyj et al., 1996), while other
freshwater systems extend across climatic (Latrubesse et al,
2005; Anisimov et al., 2007) and political (Welcomme, 2001;
Bootsma & Hecky, 2003; Lynch et al., 2010) boundaries, which
will complicate the development and maintenance of manage-
ment activities (Welcomme et al., 2010) under climate change.

Cooke and Cowx (2006) identified four main approaches to
freshwater fisheries management: stock enhancement, rehabili-
tation and habitat manipulation, regulations and the conserva-
tion and protection of fishes and fisheries, all of which will
potentially require reconsideration as ecosystems, fishes and
fisheries respond to climate change (Hennessy et al, 2007).
Regulations regarding stocking practices (Britton et al., 2010),
catch limits and fishing activities may require rethinking and
regular assessment (Cooke & Cowx, 2006), as will controls on
thermal discharges (McCullough et al., 2009). The relative
importance of different objectives, strategies and management
mechanisms for a particular fishery will differ according to the
current and future developmental state of a particular region or
state (Welcomme, 2001; Welcomme et al., 2010).

Fisheries managers and scientists are increasingly incorporat-
ing climate change into assessment, policy and management
decisions (Nelson et al., 2013), with studies on the probable
implications of climate change for fishery management, e.g.
North American Great Lakes (Lynch et al., 2010) and conserva-
tion (Rahel et al., 2008). Due to the uncertainties involved, fish-
eries professionals and fishers will have to appreciate the need for
flexibility and change in fisheries management (Brander, 2007),
especially as they work together to build resilience to climate
change (De Young et al., 2012). In terms of efficiency (Dulvy &
Allison, 2009; Badjeck et al., 2010), policy reviews and action
plans are most needed in the countries whose fisheries sectors
are most vulnerable to climate change (Allison et al, 2009).
Climate change has the potential to test the capacity of both fish-
eries professionals and fishers to operate as weather patterns, fish
communities and freshwater ecosystems change; however, this
can be minimized by the provision of education and upgrading
of skills for both fishers and fishery professionals (Badjeck et al.,
2010). There is considerable scope for fishery professionals from
well-resourced nations to support their colleagues from less
resourced nations or regions (Dixon et al., 2003), possibly under
the aegis of international organizations such as the FAO (Sharp,



2003; FAO, 2007; Cochrane et al., 2009) or the various world
fishery societies via the World Council of Fisheries Societies.

MacNeil et al. (2010) noted that ultimately the response of
marine fisheries (and the societies they support) will reflect their
capacity to adapt to climate change via planning and implement-
ing effective responses to change. They further noted that
although this is driven by physico-chemical and biological
processes, the capacity to adapt also reflects cultural, socio-
economic and political circumstances. Such observations extend
to fresh waters and highlight the need for adaptive management
in freshwater fisheries (Brander, 2007). There is an increasing
awareness of the advantages of adaptive management in order
to allow successful adaptation to climate change (Kundzewicz
et al., 2007; Wilby et al., 2010; Plaganyi et al., 2011; European
Environment Agency, 2012b; Stein et al., 2013). At the heart of
adaptive management is the informed assessment of risk and the
inclusion of stakeholders from a range of backgrounds (Wilby
et al., 2010) to develop and implement management measures
that are subject to regular evaluation and modification.

Fishery professionals can play central roles in such manage-
ment systems, but specialized inputs from other disciplines will
become increasingly important including genetics (Reusch &
Wood, 2007; Somero, 2010; Salinas & Munch, 2012; Crozier &
Hutchings, 2014), climate modelling (Skeffington et al., 2010;
Plaganyi et al., 2011) and the social sciences (Welcomme, 2001).
A shift to an ecosystem approach to fisheries management (FAO
Fisheries Department, 2003) may allow a more adaptive means
to deal with the probable impacts of climate change than the
single species and stock approach that still dominates fisheries
management (Garcia & Cochrane, 2005; Kempf, 2010; Beard
et al., 2011). Its use, however, is in the early stages of develop-
ment in the context of freshwater habitats (Beard et al., 2011).

As part of adaptive management, fishery professionals need
to provide information on how climate change will affect fisher-
ies, extending from individual fisheries through to the regional
and global level. This will involve data gathering and prediction
making, as well as the production and dissemination of infor-

Table 7.3.7 Key variables for monitoring impacts of climate change
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mation to inform decision-making and to initiate dialogue
regarding vulnerability, adaptation and mitigation with stake-
holder groups including fishers, legislators, scientific colleagues
and the general public. These data will also be important for the
quantitative analysis of how climate change is affecting the plan-
et’s ecology (Brown et al., 2011). This may take the approach of
other biologists who have examined the vulnerability of particu-
lar geographical areas, nations, habitats or taxa to climate change
(Allison et al., 2009; Edelson et al., 2011; Moyle et al., 2013).
There is a need to examine the vulnerability of different fresh-
water fisheries sectors to climate change at a range of scales from
continental (Hlohowskyj et al., 1996), national (Allison et al.,
2009) and local, including fishing communities themselves
(Ford et al., 2006; Badjeck et al., 2010). As part of the education
component of adaptive management, fishery professionals
should inform fishers, legislators and other stakeholders of the
likely scenario that they and their fishery face (Parry et al., 2007)
and provide mitigation and adaptation strategies to allow for the
ongoing management of fisheries under climate change, includ-
ing how climate change will affect the availability and quality of
water (Kundzewicz et al., 2008) and the vulnerability of fresh-
water fishes (Williams et al., 2008), their prey (Jeppesen et al.,
2010a) and habitats (Gehrke et al., 2011) in the area of interest.
Data are required (Evans & Grainger, 2008) both from the
fishery itself (e.g. yield, effort and socio-economic structures)
(Welcomme, 2011) and the abiotic and biotic factors that
influence the fishery (Sharp, 1987). There are a number of key
variables (Adrian et al, 2009; Hering et al., 2010; European
Environment Agency, 20124) that will allow the impacts of climate
change on freshwater fisheries to be assessed (Table 7.3.7). Some
abiotic data such as water temperature and water depth can be
measured automatically through the use of low-cost, miniature
data loggers which have the added value that, if installed prop-
erly, data collection can be continued even through large flood
events that prevent manual collection (Isaak & Horan, 2011).
Information will probably have to be collected at the level of the
individual fisheries; by doing this and by sharing information,

Hydrodynamics Physico-chemistry Biotic Fisheries data (collected via both
fishery independent surveys and
catch surveys)

e |ce cover and date of o \Water temperature” e Chlorophyll a concentration e Fish community structure

formation and break-up ¢ Dissolved oxygen concentration” ¢ Phytoplankton biomass and e Proportion of invasive species

* Water level e Sulphate concentration community composition, including e Population size structure

o River flow ¢ Dissolved organic carbon proportion of harmful cyanobacteria e Maturation size

e Duration of concentrations e Zooplankton biomass and e Phenology of spawning and migration

stratification * pH community/size composition ¢ Diet and trophic level of fishes

e Conductivity

¢ Total organic carbon

e Nutrient concentrations
e Secchi depth

Parasite loads

Fishing effort

Fishing yield

Size structure of captured fishes

Data from (Adrian et al., 2009; Hering et al., 2010; European Environment Agency, 2012a).

*Measured through water column in lakes.
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particularly in data-deficient regions such as Arctic, arid,
Mediterranean, and tropical regions as well as the southern hem-
isphere as a whole (Meisner & Shuter, 1992; Symon et al., 2005;
Rosenzweig et al., 2007b; Hamilton, 2010; Comte et al., 2013),
fishery professionals will be able work towards understanding
how fisheries respond to climate change at a regional and global
level. Some baseline data may be available, but if not, then fishery
professionals should initiate data collection before the worst
effects of climate change impact freshwater fisheries. It must be
recognized, however, that baseline conditions have probably
already been impacted by climate change (Noges et al., 2007;
Hermoso & Clavero, 2013; Logez & Pont, 2013). As in all moni-
toring programmes, statistical power needs to be considered
(Underwood, 1996). If managers do not have the required equip-
ment or knowledge to undertake such monitoring, then fisheries
agencies or local universities may be able to help. With the wide-
spread popularity of recreational angling in many parts of the
world, there is the potential to utilize citizen science schemes to
collect some data (Dickinson et al., 2010; Booth et al., 2011).
Finally, there is a strong argument for storage of data in openly
available data repositories (Whitlock, 2011), as it will greatly aid
the analyses required to understand local, regional and global
responses to climate change.

The principle that the past is the key to the future behaviour
of a particular system (Kundzewicz et al., 2008) or fishery will
become less valid as the impact of climate change increases.
Analyses of past behaviour are essential, but as freshwater eco-
systems change and move towards regime shifts (Folke et al.,
2004), fishery managers, scientists and fishers will need to com-
municate with colleagues from other regions where such condi-
tions are current. In some case, there may be no homologous
systems; here managers, scientists and fishers will have to follow
a precautionary principle. Management practices and infra-
structure (e.g. the supply of suitable water; Kundzewicz et al.,
2007, 2008) will have to deal with increased uncertainty, and
adaptability will have to be at the core of management and prac-
tice in freshwater fisheries. Such changes in management prac-
tices will not come without cost and may lead to certain fisheries
becoming unsustainable.

Although the links between the burning of fossil fuels and
anthropogenic climate change are well recognized (Trenberth
et al., 2007), human societies will remain reliant on this form of
energy in the future and will continue to seek and exploit new
sources, with impacts on freshwater ecosystems and fisheries.
Recent developments in shale gas extraction (fracking) will con-
tinue, resulting in the widespread extraction of natural gas across
the globe, with subsequent environmental impacts (Vidic et al.,
2013). Exploitation of oil and gas resources in the Arctic will
continue and may intensify as permafrost melts and conditions
become less harsh (European Environment Agency, 2012a),
subsequently increasing the probability of pollution incidents.

As some human societies work to minimize carbon emissions
and the environmental impact of their activities, there has been
and will continue to be a shift to the use of renewable energy

(Dincer, 2000). Although an important means to limit emissions
and counter climate change, such technologies are not without
significant environmental impacts (Abbasi & Abbasi, 2000),
some of which may impact freshwater fisheries. The most obvi-
ous is hydropower, which has long had been recognized
(Rosenberg et al., 1997; Baxter, 1977) as detrimental to fisheries
due to indirect (habitat degradation, changes in flow regimes and
disruption of spawning connectivity) and direct (fish mortalities
through turbine passage) impacts on fishes. Any increased use of
hydropower will result in continued impacts on fishes and the
fisheries they support. Conversely, although hydrological regula-
tion associated with hydropower leads to marked changes in
ecosystem function and fish community structure (Baxter, 1977;
Dudgeon, 2000), it also offers the opportunity for the develop-
ment of new fisheries (Petrere, 1996; Witte et al., 2009).

Climate change will drive changes in the transmission of
disease (Daszak et al., 2001) and fish parasites (Marcogliese,
2001; Macnab & Barber, 2012), both of which have clear
potential to affect freshwater fisheries (Barber & Poulin, 2008;
Marcos-Lopez et al., 2010). Apart from the monitoring
required to fulfil national and international food quality
standards (Ababouch, 2006; Unnevehr, 2008), there is a need
for maintenance (or development) of suitable cold-storage
facilities (Young & Muir, 2008) as well as biosecurity stand-
ards (e.g. of fish movements and stocking) (Subasinghe, 2005;
Scarfe et al., 2006; Hastein et al., 2008). This will require the
training and employment of skilled staff or access to suitable
specialist assistance from regional fisheries agencies.

The value of long-term monitoring on understanding the
impacts of environmental change climate change has been
repeatedly highlighted (Magnuson, 1990, 2010; Elliott, 1990).
Without long-term data, we would not have been able to track
shifts in air and water temperatures, in river flows and lake
levels (Table 7.3.4) or the responses of fishes to climate change
(O'Reilly et al., 2003; Hickling et al., 2006; Jeppesen et al., 2012).
As scientists and citizens, it is essential that we not only act to
minimize our individual and collective impacts on the planet,
but we also need to ensure that governments maintain support
for long-term data collection in the face of calls for austerity or
drives to applied science. The future management and conser-
vation of freshwater fisheries depends on it.
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