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Abstract
There is much concern about how climate change will affect the thermal regimes of
freshwater ecosystems and, by extension, the performance of ectothermic animals within
those systems. The aim of this PhD thesis was to improve our understanding of the
thermal niches of two congeneric species of fish distributed along elevational gradients:
the river blackfish (Gadopsis marmoratus), and two-spined blackfish (G. bispinosus). By
studying the thermal niches of these two species, this thesis aimed to 1) determine
whether the distributions of the blackfish are constrained by their thermal physiology, and
2) determine how changes in thermal regimes predicted by climate change will impact
these two species.

The distribution of the two species, and associated temperature regimes suggest they have
different realized thermal niches, with G. bispinosus occupying cooler habitats than G.
marmoratus. Despite this, there were only small differences in their thermal niche when
defined by aerobic swimming performance, aerobic scope, growth rate and thermal
tolerance.

Predictions of how increasing temperatures due to climate change may impact these two
species were made based on temperature-dependent growth models and upper thermal
limits (UTL). The impact of increasing temperatures on growth rates were highly
seasonally-specific, with strong decreases predicted for summer. These reductions in
growth will occur during the recruitment season, which may result in blackfish
distribution contracting to higher elevations. Additionally, climate change is likely to
cause maximum temperatures to frequently exceed blackfish UTLs across large parts of
their distribution.

xii

This thesis demonstrates that modelling the thermal niches of ectotherms distributed
along the river continuum is not straightforward. If we are to effectively and efficiently
forecast impacts of different thermal futures, riverine ecologists must do more to
experimentally decipher the relative influence of temperature and other abiotic drivers on
the fitness of riverine ectotherms.
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Chapter 1: General Introduction

1.1 Climate change and the thermal niche
Temperature exerts a strong influence on physical and biochemical processes, thus it is an
important factor governing species’ distributions and abundances. This is particularly true
for aquatic ectotherms, whose body temperature closely follows the temperature of their
surrounding environment (Brill et al. 1994). Indeed, for fish at least, temperature has been
dubbed the “ecological master factor” (Brett 1971), and has a strong influence on
metabolic rates (Clarke and Johnston 1999, Gillooly et al. 2001, Brown et al. 2004),
growth (Jobling 1997), reproduction (Pankhurst 1997), survival (Houde 1989, Pepin
1991), and swimming performance (Brett 1967). With climate change predicted to
increase global temperatures by 1 to 3.7 °C over the next century (IPCC 2013), there is an
urgent need to predict how species and communities respond to changes in their thermal
environment (Helmuth 2009, Schwenk et al. 2009, Angilletta and Sears 2011).

A useful concept for predicting the effect of thermal change on organisms is Hutchinson’s
niche concept (Hutchinson 1957), which has been influential to the development of
ecology, from the level of the organism (Kearney et al. 2010a) to that of the population
(Soberón 2007) and community (Leibold 1995). Hutchinson viewed the environment as
an n-dimensional hypervolume, each axis of which is defined by a variable that affects the
mean fitness of a population. He defined a species’ fundamental niche as the subset of the
hypervolume that permits a species to persist indefinitely (Hutchinson 1957, Hutchinson
1978). Hutchinson then introduced the concept of the realised niche to define the subset
of the hypervolume an organism actually occupies under natural conditions with the
presence of competitors. Following these definitions we can phrase the niche in terms of
temperature, where a species’ fundamental thermal niche is the subset of its total
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fundamental niche defined by environmental temperature variables (sensu Huey and
Slatkin 1976, Tracy and Christian 1986, Porter and Kearney 2009), and a species’ realised
thermal niche is a description of the temperature conditions corresponding to their
realised distribution (Magnuson and DeStasio 1997, Huff et al. 2005). Recently, there has
been a resurgence of interest in the thermal niche of ectotherms, as ecologists urgently
seek a predictive understanding of how human alteration of thermal landscapes will affect
fitness and population dynamics (Holt 2009, Angilletta and Sears 2011, Stoffels et al.
2016).

By focusing on temperature alone, we ignore the myriad other non-thermal niche axes
which influence species fitness, therefore distribution. Accordingly, a major reason that a
species fundamental and realised thermal niche may differ is that levels of other factors
(e.g. dissolved oxygen, pH, and prey density) may not be suitable for population
persistence at all suitable temperature conditions (Magnuson and DeStasio 1997). In
addition to non-thermal factors and the effect of competition recognised by Hutchinson,
there are other reasons species’ fundamental thermal niches and realised thermal niches
may not align (Pulliam 2000). Source-sink dynamics predict that populations often
occupy sub-optimal habitats where they cannot persist indefinitely (sinks) due to
migration from populations where conditions are more suitable (source) (Pulliam 1988).
Metapopulation theory suggests populations can go locally extinct due to stochastic
processes (Hanski and Gilpin 1991). Therefore, at any one point in time, a species may be
absent from habitats satisfying their fundamental thermal niche due to random
occurrences, until they are able to be recolonised from another population. Dispersal
limitations can also play a large part in determining whether a species occupies habitats
within their fundamental thermal niche. This is particularly true for freshwater organisms
occupying riverine systems. Due to the dendritic structure of riverine systems, suitable
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habitats that are geographically close may actually be separated by large within-stream
distances (Campbell Grant et al. 2007). Such barriers to dispersal may mean that species
do not have access to all environments where conditions satisfy their thermal niche
(Soberon and Peterson 2005). Additionally, certain temperature conditions that are within
a species fundamental thermal niche may not occur naturally within their broader
geographical range (Hutchinson 1978, Colwell and Rangel 2009). For these reasons,
estimations of the thermal niche based on realised distributions may poorly approximate
the fundamental thermal niche, and therefore be poorly suited to predict the effect of
thermal change on organisms.

1.2 Approaches to understanding the thermal niche
There are two main approaches used to determine species’ thermal niches, which differ in
both methodology and outcome, i.e. how closely they estimate fundamental or realised
thermal niches (Kearney 2006, Buckley et al. 2010, Kearney et al. 2010b). First, there is
the correlational approach, which defines the statistical relationship between an
organism’s distribution and the thermal environment associated with that distribution (e.g.
Buisson et al. 2010). The second approach is the mechanistic approach, which determines
the relationship between temperature and the physiological capacities of that species (e.g.
Kearney and Porter 2004). While these two approaches are often pitted against one
another, they are best viewed as complementary, with both approaches possessing
strengths and weaknesses (Buckley et al. 2010, Buckley et al. 2011, Dormann et al.
2012). Most work to date uses correlative approaches to understand the niche, while
studies using mechanistic approaches lag behind (Dormann et al. 2012).

One advantage of the correlational approach is that species occurrence data and spatial
climate data required for these models are usually readily available (Kearney and Porter
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2009), although occurrence data can often be incomplete (Araujo and Guisan 2006).
However, if temperature varies collinearly with other environmental gradients (e.g. net
primary productivity), then a spatial correlation with temperature may not represent a
causal relationship between temperature and fitness (Dormann et al. 2012). Even without
this collinearity, the correlational approach implicitly incorporates multiple factors, both
biotic and abiotic, that shape a species’ abundance and distribution (Colwell and Rangel
2009). If temperature is a major factor influencing a species’ distribution, then there may
be a close coupling between that species’ realised and fundamental thermal niche (e.g.
Helaouët and Beaugrand 2009). However, the influence of other factors may result in the
distribution of a species being a poor reflection of its fundamental thermal niche (Pearson
and Dawson 2003, Holt 2009). For these reasons, several biologists have described
correlational models as estimating, at best, the realised thermal niche, and have argued
that an improved understanding of mechanistic links between temperature and fitness is
necessary to predict impacts of thermal change on fitness (Kearney and Porter 2004,
Helmuth 2009, Kearney and Porter 2009).

In contrast to correlational approaches, mechanistic approaches to understanding the
thermal niche attempt to determine causal links between temperature and fitness, and
therefore estimate the fundamental thermal niche. Accordingly, it has been suggested that
predictions made from mechanistic models of the thermal niche should be more accurate
than correlational models when predicting how species will be affected by thermal change
(Kearney and Porter 2004). However, a limitation of mechanistic approaches is the
uncertainty concerning how the experimentally derived fundamental niche aligns with the
realised niche in real ecosystems (Monahan 2009). If the fundamental thermal niche is not
a good predictor of a species’ realised thermal niche under current conditions, then it may
not be suitable for predicting future distribution under thermal change (Pearson and
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Dawson 2003). It is difficult to determine which axes of the thermal niche are most useful
for predicting species response to environmental temperature. The fundamental thermal
niche can be defined along different axes such as behavioural preferences, physiological
optima, and lethal limits (Magnuson et al. 1979, Selong et al. 2001, Somero 2002,
Kearney and Porter 2004). Studying multiple axes of the fundamental thermal niche is not
practical if it needs to be applied on a species-specific basis. Can studying one measure of
temperature-dependent performance be used as a proxy for the broader fundamental
thermal niche?

1.3 Characterising the fundamental thermal niche of aquatic ectotherms
Numerous performance measures of ectotherms are strongly affected by temperature, so
there is a need to determine which axes are most useful for defining the fundamental
thermal niche to predict how species will respond to thermal change. Recently, the
oxygen-and-capacity limited thermal tolerance (OCLTT) hypothesis has proposed
temperature-dependent aerobic scope as a suitable proxy for the fundamental thermal
niche (Pörtner 2001, Pörtner 2002). According to the OCLTT hypothesis, as temperatures
move away from optimum there is a reduction in capacity for oxygen delivery, which in
turn impacts lower levels of organisation (e.g. cells, molecules), and is primarily
responsible for setting whole-organism thermal tolerance (Pörtner 2002). However, there
is considerable debate surrounding the generality of aerobic scope for defining the
thermal niche (Clark et al. 2013a, Clark et al. 2013b, Farrell 2013, Pörtner and Giomi
2013, Jutfelt et al. 2014). It has been suggested that there is no general hierarchy of
performance measures, although certain performance measures may be limiting during
certain life-history stages or under different thermal stress (Clark et al. 2013a).
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Recent work suggests that for some aquatic ectotherms the temperature corresponding to
maximum aerobic scope may not align with temperature of maximal performance of other
performance measures such as locomotion (Stoffels et al. 2016) and growth rate (Gräns et
al. 2014). For fish, locomotion affects prey capture, predator avoidance, habitat selection,
and the ability to track changes in their environment (Bisson et al. 1988, Peake et al.
1997, Domenici 2010a, Domenici 2010b, Rice and Hale 2010). Temperature has a strong
influence on aerobic swimming capacity in fish (Brett 1964, Johnston and Ball 1997,
Taylor et al. 1997, Claireaux et al. 2006). Therefore, temperature-dependent swimming
performance is likely to influence fitness and may be a suitable characterisation of their
fundamental thermal niche. Similarly, temperature has a strong influence on individual
growth rate and is another axis along which to study the thermal niche is temperaturedependent growth rate, since growth is a critical driver of fitness in fishes (King et al.
1999, Beardsley and Britton 2012, Morrongiello et al. 2014).

Thermal tolerances can also be used to characterise the fundamental thermal niche.
Although extreme temperature events are rare occurrences, they exert strong selective
pressure on the thermal performance of species (Huey and Kingsolver 1989, Huey and
Kingsolver 1993) and can alter species ranges (Wethey et al. 2011). Species’ thermal
tolerances show trends along environmental temperature gradients at large and small
spatial scales (Addo-Bediako et al. 2000, Stillman 2002, Sunday et al. 2011, Sunday et al.
2012), and may be an important factor shaping species’ distributions. Climate change is
predicted to increase extreme warm temperatures events and may severely affect
individuals and populations (Parmesan et al. 2000, Kingsolver et al. 2011, Smith 2011,
Kingsolver et al. 2013). Accordingly, the determination of species’ thermal tolerances
may be a quick and easy way to characterise the fundamental thermal niche and predict
the impacts of thermal change.
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1.4 Study species & system
Australia is predicted to experience some of the largest increases in water temperatures
because of climate change (van Vliet et al. 2013). As a result, freshwater organisms are
likely to experience novel thermal regimes. However, knowledge of the thermal niches of
Australian freshwater fishes is very poor. Indeed, there is still uncertainty around thermal
tolerances of many Australian fish species (Crook et al. 2010). This is particularly
concerning given the degree of thermal change predicted (mean increase of 1.3 °C; van
Vliet et al. 2013), as well as the numerous other threats already affecting freshwater
organisms (e.g. habitat modification, flow modification, introduced species, etc.)
(Arthington 1991, Vitousek et al. 1997, Kingsford 2000, Van Dijk et al. 2006, Olden et al.
2008, Hammer et al. 2013). Riverine fishes may be especially susceptible to changes in
thermal regime due to the dispersal-limiting geometry of riverine systems (Fagan 2002,
Woodward et al. 2010). It follows that we need a greater understanding of the thermal
niches of freshwater fish in Australia to improve our ability to predict how they will cope
with changing thermal regimes.

This thesis focuses on determining the thermal niches of two congeneric fish species,
Gadopsis marmoratus (Richardson, 1848) and G. bispinosus (Sangar 1984). These two
species occur in streams of the southeast Murray-Darling Basin, where they are
distributed along elevational gradients (Lintermans 2007). While the two species coexist
in certain streams, G. marmoratus typically occurs at lower elevations than G. bispinosus.
As temperature varies in a predictable fashion along elevational gradients, the distribution
of the two species may be a result of different fundamental thermal niches. However,
aside from observational studies relating to spawning times and associated thermal
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regimes (Jackson 1978, Jackson et al. 1996, Lintermans 1998), we know very little about
the thermal ecology of these two species.

Figure 1.1 Typical streams in northeast Victoria occupied by Gadopsis marmoratus and G.
bispinosus. Examples here are from Tallangatta Creek.

There have been a couple of previous studies that have aimed at predicting the
susceptibility of G. marmoratus and G. bispinosus to climate change. Bond et al. (2011)
used correlative species distribution modelling to predict the impact of climate change on
range shifts for 43 species of freshwater fish occurring in Victoria. The results of their
models predicted that both Gadopsis species would undergo strong range contractions
because of climate change. While their models used a range of factors, not just climatic,
temperature variables were typically the variables that best explained distribution
patterns. Another study by Chessman (2013) used species traits and their correlation with
observed impacts of the ‘Millennium Drought’ (1997-2009) on fish species occurrences
and abundances to predict the vulnerability of Murray-Darling Basin fish to forecasted
climate change. Based on trait analysis, G. bispinosus were predicted to have greater
vulnerability than G. marmoratus to climate change. One of the traits used in their
analysis that differed between G. bispinosus and G. marmoratus was spawning
temperature (13 °C for G. bispinosus, 16 °C for G. marmoratus). However, it is unclear
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how increasing temperatures due to climate change will affect blackfish spawning. It may
simply result in both species spawning earlier.

1.5 Aims and outline of thesis
The aims of this PhD thesis were to 1) characterise the fundamental thermal niches of
Gadopsis marmoratus and G. bispinosus, 2) determine whether differences in their
thermal niche explain their observed distribution patterns along the river continuum, and
3) use models of the fundamental thermal niche to predict how thermal change may affect
these two species.

Chapter 2 aims to compare the realised and fundamental thermal niches of G. marmoratus
and G. bispinosus to determine whether environmental temperature gradients are
responsible for distribution patterns of the two species. Realised thermal niches were
estimated using species occurrence data and environmental temperature data, and
fundamental thermal niches were estimated using the temperature dependence of
swimming performance and metabolic rates, particularly aerobic scope. Chapter 3
estimates another axis of the fundamental thermal niche of G. marmoratus and G.
bispinosus, temperature-dependent growth rates. This chapter then uses the developed
temperature dependent growth model to predict how growth rates of both blackfish
species may be influenced by a range of IPCC climate change scenarios. Chapter 4
investigates the thermal tolerances of G. marmoratus and G. bispinosus, and uses highresolution daily climate data to predict how warming temperatures may change the
frequency of extreme thermal events across each species respective distribution. Chapter
5 summarises the results of the three experimental chapters and outlines the potential for
future research.
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Chapter 2: Contrasting fundamental and realised niches: two fishes with
similar thermal performance curves occupy different thermal habitats

2.1 Abstract
Humans are altering thermal regimes of freshwater ecosystems, creating an urgent need to
understand how freshwater ectotherms will fare under different thermal futures. Two key
scientific challenges are: how well do the fundamental thermal niches of ectotherms map
to their realised thermal niches, and which axes of the fundamental thermal niche must be
modelled to predict temperature-dependent fitness in real ecosystems? The first of these
challenges is particularly great in riverine systems, where gradients in temperature along
the river continuum are strongly confounded by gradients in other biotic and abiotic
drivers. To address these challenges, we compared the realised and fundamental thermal
niches of two congeneric riverine fish: Gadopsis marmoratus and G. bispinosus. To
characterize their realised thermal niches, we examined their distributions in relation to
environmental temperature at multiple scales. To characterize their fundamental thermal
niches, we performed laboratory experiments on the thermal sensitivity of swimming
performance and metabolic rates, particularly aerobic scope. The distribution patterns of
the two species supported the idea that they have different realised thermal niches, with
G. bispinosus occupying cooler habitats than G. marmoratus. Despite this, we detected no
significant differences in the shapes of thermal performance curves defining two axes of
their fundamental niches: swimming performance and aerobic scope. Our results suggest
that either the distributions of these two species are driven by factors other than
temperature, or that swimming performance and aerobic scope were not suitable proxies
of their fundamental thermal niches. Our study demonstrates that modelling the thermal
niches of ectotherms distributed along the river continuum is not straightforward. If we
are to effectively and efficiently forecast impacts of different thermal futures, riverine
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ecologists must do more to experimentally decipher the relative influence of temperature
and other abiotic drivers on the fitness of riverine ectotherms.

2.2 Introduction
Freshwater systems worldwide are experiencing thermal change due to anthropogenic
processes such as riparian zone alterations (Brown and Krygier 1970, Pusey and
Arthington 2003, Moore et al. 2005), river regulation (Webb and Walling 1993), water
extraction (Meier et al. 2003), and climate change (Kundzewicz et al. 2007). In light of
this, ecologists urgently need a predictive understanding of how alteration of thermal
landscapes affect fitness and population dynamics (Helmuth 2009). Hutchinson’s (1957)
concept of the realised and fundamental niche may be useful in this regard. A species’
fundamental thermal niche can be defined as the domain of environmental temperature
that results in fitness exceeding unity. By contrast, a species’ realised thermal niche is
defined by a species’ observed distribution with respect to temperature. A species’
realised thermal niche may match, be a subset of, or even exceed that of its fundamental
thermal niche (Magnuson et al. 1979, Pulliam 2000, Colwell and Rangel 2009, Holt
2009). A close match between the realised and fundamental thermal niches indicates
temperature has a strong influence on distribution (Helaouët and Beaugrand 2009). When
the realised niche is a subset of the fundamental, factors other than temperature (e.g. food
availability; species interactions) may constrain distribution. It is possible for the realised
niche to exceed that of the fundamental when, for example, dispersal results in individuals
moving from desirable thermal habitats into undesirable ones (sensu Holt 2009). It
follows that comparative study of fundamental and realised thermal niches improves our
understanding of the relative importance of temperature and other variables in shaping the
distribution and abundance of animals (Kearney and Porter 2004, Hijmans and Graham
2006, Kearney and Porter 2009, Angilletta and Sears 2011).
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Different approaches are used to estimate realised and fundamental thermal niches
(Kearney 2006). Statistical models that correlate occurrence with climatic variables, such
as species distribution models (SDMs), estimate a species’ realised thermal niche as they
inherently incorporate influences of non-climatic factors, such as competition with other
species and dispersal effects (Hutchinson 1957, Pulliam 2000). While these models are
often successful in predicting current distributions (e.g. Peterson 2001), their ability to
predict future distributions as a function of thermal change is unknown. Additionally,
they assume that a statistical model of the present relationship between abundance and
temperature is a reasonable approximation of the thermal niche, that species are adapted
to the current conditions in their distribution range, and that climate is the primary driver
of these distributions (Araújo and Pearson 2005, Guisan and Thuiller 2005, Heino et al.
2009).

In contrast, fundamental thermal niches are estimated using mechanistic approaches,
which determine the causal relationship between temperature and fitness (Kearney and
Porter 2004, Seebacher and Franklin 2012). It has been suggested that experimentallyderived estimates of fundamental niches should be superior to models that estimate
realised niches for predicting species’ distributions under altered climates (Kearney and
Porter 2004, Kearney 2006). However, there remains much uncertainty about how well
estimates of the fundamental niche map to the realised niche in real ecosystems (Monahan
2009, Stoffels et al. 2016). A challenging aspect of producing useful models of the
fundamental niche is determining which axes, or performance measures, best capture the
impacts of spatial and temporal thermal change on organismal fitness in natural
ecosystems. Indeed, there is currently much debate concerning which thermal
performance curves (TPCs) should be estimated to usefully describe the fundamental
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thermal niche of aquatic ectotherms (Clark et al. 2013a, Clark et al. 2013b, Farrell 2013,
Jutfelt et al. 2014, Pörtner 2014, Stoffels et al. 2016). Temperature-dependent aerobic
scope is an excellent case in point: Aerobic scope is defined by the difference between
standard metabolic rate (SMR; the metabolic rate of a quiescent animal not digesting food
(Schmidt-Nielsen 1997)) and maximum metabolic rate (MMR). The resulting TPC is
often a peak-shaped function and, over the course of a decade, rose to be considered the
key TPC defining the fundamental thermal niche of aquatic ectotherms (Pörtner 2001,
Pörtner 2010). However, very recently several studies have demonstrated that
temperature-dependent aerobic scope may in fact provide a poor description of the
thermal niche (Clark et al. 2013a, Gräns et al. 2014, Norin et al. 2014, Stoffels et al.
2016). At this stage in our understanding of the fundamental thermal niche of aquatic
animals, there remains much uncertainty about what aerobic scope tells us about the
fundamental and realised thermal niches of aquatic ectotherms (Clark et al. 2013b, Clark
et al. 2013a, Farrell 2013, Pörtner and Giomi 2013, Jutfelt et al. 2014). It follows there is
a need for further studies that compare and contrast (a) realised and fundamental thermal
niches and (b) multiple TPCs, hence axes of the fundamental niche, towards identifying
the most effective and efficient pathway to generating a predictive understanding of how
thermal change affects populations of ectotherms.

The present study aimed to compare the realised and fundamental thermal niches of two
congeneric, riverine fishes: the river blackfish (Gadopsis marmoratus; J. Richardson,
1848) and the two-spined blackfish (G. bispinosus; Sanger, 1984). These two species
inhabit upper reaches of south-east Australian rivers. Anecdotal reports suggest that while
the two species’ distributions partially overlap, G. bispinosus is more abundant at higher
elevations than G. marmoratus, indicating possible thermal niche differentiation. With
streams of mid-latitudes predicted to experience some of the highest increases in water
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temperature over the next century, there is an urgent need to improve our understanding
of the thermal niches of freshwater organisms (Sousa et al. 2011, Perkins et al. 2012, van
Vliet et al. 2013). Moreover, there is a particular need for mechanistic studies that isolate
the effects of temperature from other drivers of longitudinal distributions in rivers, due to
the fact that many biotic and abiotic drivers covary along the river continuum (Buisson et
al. 2008, Huang and Frimpong 2016). Indeed, concomitant variation along the river
continuum in biotic and abiotic factors is an axiom of freshwater science (Vannote et al.
1980, Rice et al. 2001), and descriptive studies that describe the correlation between the
realised niches of riverine animals and these factors are well represented in the literature
(e.g. Ibanez et al. 2007, Langerhans 2008, Contador et al. 2015, Dohet et al. 2015,
Franssen et al. 2016). By contrast, studies that experimentally determine the mechanisms
by which environmental change along the river continuum affects specific dimensions of
fundamental niches—hence specific components of organismal fitness—are
underrepresented in the freshwater science literature (Espírito‐Santo et al. 2013, Troia and
Gido 2014).

To characterize the realised thermal niche of the two species we determined blackfish
distributions along thermal gradients at varying spatial and temporal scales by (a)
determining the relationship between elevation, mean annual air temperature and
occupancy in rivers of SE Australia at very broad spatial scales throughout multiple
catchments; (b) narrowing our focus, undertaking a detailed investigation of the
relationship between elevation, stream temperature and blackfish distribution
longitudinally along 2 rivers; and (c) determining whether blackfish distribution changes
longitudinally throughout the year with seasonal changes in temperature or whether they
are stable. Some fish species are known to move seasonally along elevation gradients
(Riley et al. 1992, Gowan and Fausch 1996, Lucas and Batley 1996). If blackfish
Chapter 2

19

distribution does not shift as temperatures change seasonally, then behavioural and/or
physiological traits may be limiting dispersal, blackfish may be able to acclimate
sufficiently to seasonal changes in temperature, or differences in distribution may be
caused by factors that covary with temperature, not temperature per se.

In the second component of this study, we sought to characterize the fundamental niche of
G. bispinosus and G. mamoratus. Even though these two species occur within the same
river segments, partitioning of their fundamental thermal niches is possible, as closely
related aquatic ectotherms have been shown to partition the thermal niche at relatively
small spatial scales (Lowe and Hauer 1999, Stillman 2002, Somero 2010, Stoffels et al.
2016, Hildrew et al. 2017). To characterize some key dimensions of their fundamental
niche, we used laboratory experiments to determine thermal performance curves for (a)
aerobic swimming performance (critical swimming velocity - 𝑈𝑐𝑟𝑖𝑡 , and optimal
swimming velocity - 𝑈𝑜𝑝𝑡 ), and (b) metabolic rates (SMR and MMR), with a particular
focus on aerobic scope (AS) which, as discussed earlier, may or may not be a useful TPC
describing the fundamental niche. As a primary form of fish locomotion, aerobic
swimming performance enables individuals to track changes in environmental quality and
find refuge from sources of mortality. Locomotion is strongly influenced by temperature
in ectotherms, and the thermal optimum of locomotion often differs among species
distributed along elevation gradients (van Berkum 1986, Navas 1996, Navas 2006).

Based on anecdotal reports of blackfish distribution we hypothesized that the realised
thermal niches of G. marmoratus and G. bispinosus would be different. With respect to
our analysis of distribution throughout multiple catchments, we hypothesized that the
relative abundance of G. bispinosus would increase with elevation and decrease with
mean annual air temperature, and vice versa for G. marmoratus. We hypothesized that a
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more detailed study of longitudinal distribution within 2 catchments would also reveal
that G. bispinosus and G. marmoratus are associated with cooler and warmer habitat
temperatures respectively. We expected the distributions of G. bispinosus and G.
marmoratus to shift with season, reflecting their thermal optima for aerobic swimming
and metabolism determined in the laboratory. If the two species’ realised thermal niches
are different, and their distributions are largely controlled by temperature, then we
expected this to be reflected in their fundamental thermal niches. We hypothesized that
there would be significant species-temperature interactions for aerobic swimming
performance (𝑈𝑐𝑟𝑖𝑡 and 𝑈𝑜𝑝𝑡 ) and metabolic rates (SMR, MMR, and AS), specifically,
that G. bispinosus would show maximum swimming performance and AS at lower
temperatures than G. marmoratus.

2.3 Materials and methods
2.3.1 Multi-catchment analysis of blackfish realised thermal niches
Species records, a digital elevation model (DEM), and monthly air temperature data (a
good proxy for monthly water temperature; discussed below) were used to explore
relationships between elevation, mean annual air temperature and blackfish distributions
across a broad spatial scale. Our choice to focus on mean temperatures rather than
extreme temperatures was based on our objective of determining whether the realised
thermal niche corresponds with the fundamental thermal niche, as determined by the
specific TPCs under investigation. That is, in this study all of the TPCs under
investigation—which can be viewed as different axes of the fundamental niche—are a
continuous, curvilinear function of temperature (e.g. Clark et al. 2011). We expect that, if
these TPCs significantly influence fitness and the realised thermal niche, then they will do
so through integrating the effects of temperature variation at all time scales, within and
across years, and so average temperatures should summarise the average effect on fishes.
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In contrast, if we wished to examine whether critical thermal limits define the thermal
niches of these fishes, then we would describe the realised thermal niche as a function of
certain extreme temperatures, not monthly means. Extreme temperatures have a more
logical connection with TPCs describing critical thermal limits, which are essentially
binary functions of temperature (dead, or not). Species records were obtained from the
'Victorian Biodiversity Atlas', © The State of Victoria, Department of Environment and
Primary Industries (published [July, 2016]). Data collected prior to 1990 were discarded
to avoid any potential problems arising from misidentifications, as G. bispinosus was only
described in 1984 (Sanger 1984). Records were then restricted to the catchments that
contained occurrences for both species, resulting in five catchments of the MurrayDarling basin being used (Upper Murray, Kiewa, Ovens, Broken, and Goulburn).
Elevation values corresponding to each occurrence record were extracted from a 9 second
DEM using ArcMap 10.2 (GEODATA 9 Second Digital Elevation Model (DEM-9S)
Version 3 - http://www.ga.gov.au/). Monthly air temperature data were obtained from
WorldClim for the period 1960 to 1990 and averaged to create mean annual temperature
data (http://www.worldclim.org/current). This data was extracted as coordinates
corresponding to each occurrence record. WorldClim data is interpolated from weather
stations with monthly data using ANUSPLIN (Hutchinson 2004, Hijmans et al. 2005). At
the multi-catchment scale, it was necessary to use air temperature as a proxy for stream
temperature due to a paucity of detailed stream temperature data for the region under
study. While it would be ideal to use stream temperature data for this analysis, air
temperature can provide a reasonable approximation of stream temperature, particularly at
time scales of a week or more (Stefan and Preud'Homme 1993, Erickson and Stefan 1996,
Mohseni et al. 1998, Mohseni and Stefan 1999, Caissie 2006). To determine whether air
temperatures are a good proxy for stream temperatures in our area of study we compared
the stream temperatures measured at sites in Tallangatta Creek and the Ovens River with
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air temperatures obtained from ANU Climate (full details in Supplementary Material).
Monthly mean air temperatures were a good approximation of monthly mean stream
temperatures in both Tallangatta Ck (linear regression: R2 = 0.97, slope = 0.86), and the
Ovens River (linear regression: R2 = 0.97, slope = 0.95) (Fig. S1). Relationships between
elevation, mean annual air temperature, and blackfish distributions were explored
graphically using a distribution map and density plots of elevation and mean annual air
temperature corresponding to species records. A Mann-Whitney test was used to compare
the elevation and mean annual air temperature of the two species occurrence records. Our
alternate hypotheses were that the elevation of G. bispinosus occurrences is greater (i.e.
higher elevation) than those of G. marmoratus and the mean annual air temperature of G.
bispinosus occurrences is lower (i.e. colder temperature) than those of G. marmoratus.

2.3.2 Blackfish realised thermal niches along longitudinal gradients
Two streams were sampled to determine the distribution of blackfishes along a
longitudinal gradient (Tallangatta Creek and the Ovens River, Victoria, Australia). Eleven
sites were sampled along each stream during the Austral summer of 2012-2013. The
elevation of sites on the Ovens River ranged from 175 m a.s.l. (Site 1) to 390 m a.s.l. (Site
11), while on Tallangatta Creek, sites ranged from 200 m a.s.l. (Site 1) to 470 m a.s.l.
(Site 11). Fishes were sampled using single-pass backpack electrofishing (Smith-Root
LR-24; Smith-Root, Washington). Each site was sampled for a total of 600 seconds of
electrofishing on-time. To determine whether season affects the longitudinal distribution
of blackfishes, all sites at Tallangatta Creek were sampled again during the autumn and
spring of 2013 (high flows prevented winter sampling). To characterize temperature
dynamics along the gradients under study, temperature loggers (onset® UA-001-08 HOBO® Pendant, Temperature/Alarm Data Logger) were deployed in the middle of the
water column at all sites in Tallangatta Creek and the Ovens River. Temperature loggers
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were deployed in the middle of the water column to measure changes in temperature due
to the elevational gradient rather than thermal heterogeneity caused by physical habitat
structure. Temperature readings were logged hourly from Jan 2013 to Jan 2014 and data
were downloaded every four months.

In order to model longitudinal changes in the relative abundance of blackfish within both
the Ovens River and Tallangatta Creek populations during summer 2012-13, we
determined the percentage of total blackfish at a site comprising each species and then
modelled these percentages as functions of elevation and temperature. A 2-parameter
logistic equation was used to model longitudinal change in percent composition:
𝑥 −𝑠

100/(1 + (𝑝) )

(Eq. 1)

where 𝑥 is either elevation or temperature, p is the point of inflection defining the
elevation or temperature at which both species occur with equal abundance (henceforth
‘transition-point’, implying transition of numerical dominance from one species, to the
other), and 𝑠 is a slope factor describing the steepness of the curve at p. This equation was
used to describe the relationship between the relative abundance of blackfishes and (1)
median temperature and elevation within both the Ovens River and Tallangatta Creek
populations during summer 2012-13; and (2) median temperature and elevation for each
of the three seasons (summer 2012-13, autumn 2013, spring 2013) in Tallangatta Creek,
to check for seasonal stability of longitudinal distributions. In all cases, the independent
variable ‘median temperature’ was calculated for each site from temperature data logged
hourly over the corresponding season (Tallangatta Creek: N observations for summer,
2012-13 = 864; N for autumn 2013 = 1441; N for spring 2013 = 1392; Ovens River: N for
summer, 2012-13 = 984). With respect to the seasonal analysis within Tallangatta Creek,
we were specifically interested in significant changes in the transition-points. If blackfish
shift their distributions in response to seasonal changes in temperature, then (a) when
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modelled as a function of temperature, there will be no significant variation in transitionpoint over seasons (95% confidence intervals of p will overlap across seasons); and (b)
when modelled as a function of elevation, transition-points will vary significantly among
seasons. The reverse will be true if blackfish distribution is not sensitive to seasonal
change in temperature.

2.3.3 Fish collection and accommodation
We collected 9 G. marmoratus (mean mass: 8.48 ±SE 0.61 g; mean total length: 11.02
±SE 0.29 cm) and 8 G. bispinosus (mean mass: 9.59 ±SE 1.19 g; mean total length, 11.36
±SE 0.40 cm) from Tallangatta Creek and transported them back to the Murray-Darling
Freshwater Research Centre (MDFRC). G. marmoratus were obtained from 240 m a.s.l.,
and G. bispinosus were obtained from 400 m a.s.l. These sample sizes are comparable to
similar recent studies (Clark et al. 2011, Healy and Schulte 2012, Gräns et al. 2014, Norin
et al. 2014, Rummer et al. 2014, Sandblom et al. 2014). Fish were housed individually in
large aquaria (400 mm length × 500 mm width × 400 mm depth), with sump filtration to
maintain high water quality. Aquaria were situated in a controlled-temperature laboratory
at the MDFRC, and were exposed to a 12:12 photoperiod. Fish were fed three times a
week on a diet of frozen bloodworms and live blackworms Lumbriculus variegatus. The
test temperatures (10, 14, 18, 22 and 26 °C) cover most of the temperature range
experienced by these fishes in our study systems. Between temperature treatments fish
were gradually acclimated to test temperatures at a rate of 2 °C d-1. Once at the test
temperature, fish were further acclimated for an average of ~2 weeks (mean = 16.26 days;
SD = 6.79 days) before use in experiments. Given these acclimation times, complete
randomization of the order of individual trials would have resulted in an inordinately long
experiment (a total of 9 (G. marmoratus) x 5 (temperatures) + 8 (G. bispinosus) x 5
(temperatures) = 85 swimming metabolism trials at an average of ca. 2-3 weeks each,
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including acclimation and trial). To greatly reduce the experiment’s duration, trials within
temperature treatments were run as blocks. That is, the order of temperature treatments
was randomized (22 °C first, then 14, 18, 10, and 26 °C), but once all fish were
acclimated to a temperature, all trials for both species were carried out, with the order of
individual trials within temperatures randomized. The order of temperatures was
randomised to minimize any confounding of temperature trends with the amount of time
individuals were housed in the laboratory. To be sure that any inferences concerning
temperature and species’ effects were not confounded by time in the lab, our statistical
analyses included specific model terms to accommodate any such effects (see Blackfish
fundamental thermal niches: statistical analysis). Fish were fasted for 48 hours before
experiments to remove any effect of digestion on metabolic rates.

2.3.4 Blackfish fundamental thermal niches: swimming performance and metabolic rates
To determine how temperature affected the swimming and respiratory performance of
both species of blackfish, critical swimming velocity (𝑈𝑐𝑟𝑖𝑡 ) trials were conducted. There
is good evidence that the 𝑈𝑐𝑟𝑖𝑡 procedure elicits maximum aerobic metabolic rates in fish
(Farrell 2007, Roche et al. 2013). 𝑈𝑐𝑟𝑖𝑡 trials were conducted in a modified Blazka-type
swim tunnel (Loligo Systems, Denmark) (88 mm i.d. × 325 mm length). During trials
water temperature was kept within ± 0.05 °C of the test temperature using a
computerized, automated temperature monitoring and control apparatus (Loligo Systems,
www.loligosystems.com). Oxygen tension in the ambient tank was maintained at
saturation.

The inner chamber of the swimming respirometer contained honeycomb baffles (2 mm
cell diameter) to create micro-turbulent flow through the inner chamber; 2 baffles at the
upstream end and 1 at the downstream end. Velocity in the swimming respirometer was
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controlled by a variable speed motor (0.5 HP Movitrac Lte; SEW-Eurodrive; Bruchsal,
Germany) that was calibrated prior to experiments using dye and a high-speed camera
(Optronis, Kehl, Germany). The upstream end of the respirometer was darkened to
encourage correct orientation and swimming behaviour during trials. Dissolved oxygen
tension inside the swimming respirometer was monitored using fibre optic sensing (Fibox
3; PreSens, Regensburg, Germany). Oxygen tension inside the respirometer never
dropped lower than 85 % saturation during trials. The fibre optic probe was calibrated
between trials using a two-point 0 % - 100 % calibration.

Experiments took place between August 2013 and January 2014 with each individual fish
tested at all five temperatures, resulting in a repeated-measures design. Within
temperatures, the order in which individuals were trialed was randomized. There was no
significant difference in the mean mass of the two species at either the start (t = 0.85, p =
0.41) or at the end of the experiments (t = 0.96, p = 0.35).

Fish were placed in the swimming respirometer at 1300 h the day prior to
experimentation in order to allow the fish to adjust to conditions in the respirometer. The
velocity in the respirometer during this adjustment period was 0.5 BL s-1 (body lengths
per second). This velocity was too slow to initiate swimming behaviour but allowed
sufficient mixing of the water for accurate oxygen measurements (Clark et al. 2013a,
Rodgers et al. 2016, Svendsen et al. 2016). Computerized intermittent-flow respirometry
was used to determine oxygen consumption by fish in the respirometer (Svendsen et al.
2016). After adjusting to the respirometer for ~2 hours fish underwent a 30 min practice
swim to familiarize them with the flume (Jain et al. 1997, Lee et al. 2003), then left to
further habituate to the swimming respirometer overnight, at a velocity of 0.5 BL s-1.
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Swim trials began at 0830 h the following day, and consisted of a stepwise increase in
water velocity at a rate of 0.5 BL s-1 every 30 minutes, allowing two 15 min (comprising
flush, wait and measurement) O2-consumption measurements at each velocity. Flush (F)
and measurement (M) loop times were adjusted at higher temperatures and velocities due
to oxygen consumption increasing, while keeping total loop time at 15 minutes. The range
of flush, wait, and measurement times used across all trials: F: 210-300 s, W: 60 s, M:
630-540 s. Velocity increments continued until the fish was exhausted; the point at which
it rested against the rear baffle and could not resume swimming. For each trial, velocity in
the swim respirometer was adjusted for solid-blocking effects using 𝑉𝐹 = 𝑉𝑇 (1 + 𝜖𝑠 ),
where 𝑉𝐹 is the effective water velocity, 𝑉𝑇 is the average water velocity in the empty
swimming respirometer and 𝜖𝑠 is the fractional error in 𝑉𝑇 due to the presence of the fish.
The fractional error (𝜖𝑠 ) term was : 𝜖𝑠 = 𝜏𝜆(𝐴𝑜 ⁄𝐴𝑡 )3⁄2, where 𝜏 is a dimensionless factor
based on the cross-sectional shape of the swim respirometer (0.8), 𝜆 is a shape factor for
the fish (0.5(length/width)), 𝐴𝑜 is the cross-sectional area of the fish, and 𝐴𝑡 is the crosssectional area of the swim respirometer (Bell and Terhune 1970).

2.3.5 Blackfish fundamental thermal niches: statistical analysis
The swimming velocity at which the fish became exhausted was used to calculate 𝑈𝑐𝑟𝑖𝑡
𝑡

(Brett 1964): 𝑈𝑐𝑟𝑖𝑡 = 𝑈𝑓 + ( 𝑡𝑓 ×𝑈𝑖 ), where 𝑈𝑓 is the highest speed fish swam for the full
𝑖

time period (BL s-1), 𝑈𝑖 is the incremental speed increase (0.5 BL s-1), 𝑡𝑓 is the time the
fish swam at the final speed (min), and 𝑡𝑖 is the prescribed period of swimming per speed
(30 min).

Mass-specific oxygen consumption rate, 𝑀̇𝑂2 (mg O2 kg-1 h-1), was calculated as 𝑀̇𝑂2 =
−∆𝑂𝑉𝑟𝑒𝑠𝑝 𝛼𝑀𝑓 −1 , where ∆O is the rate of change in oxygen tension (kPa h-1) due to fish
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respiration, 𝑉𝑟𝑒𝑠𝑝 is the volume of the respirometer (L; minus the volume of the fish), α is
the solubility of oxygen in the water at a known temperature and salinity (mg O2 L-1 kPa1

) and 𝑀𝑓 is the mass of the fish (kg). Body mass affects metabolic rate, so to remove the

effects of variance in body mass within (due to repeated measures) and between
individuals, 𝑀̇𝑂2 measurements were standardized to a mass of 10g, which was
approximately the average mass of all fish tested, using (see Dwyer et al. 2014): 𝑀̇𝑂2𝑎 =
𝑀̇𝑂2 𝑜 (𝑀𝑎 /𝑀𝑜 )𝛽 , where 𝑀̇𝑂2𝑎 is the mass-standardized estimate, 𝑀̇𝑂2 𝑜 is the original
estimate, 𝑀𝑎 is the standardized weight of the fish in kg (in this case 0.01 kg), 𝑀𝑜 is the
original weight of the fish in kg, and 𝛽 is the mass-specific metabolic scaling coefficient.
We did not have a large enough range of fish sizes to estimate the mass-specific
metabolic scaling coefficient (β) for G. marmoratus and G. bispinosus ourselves (White
and Seymour 2011). While, the work of Clarke and Johnston (1999) and Killen et al.
(2010) suggest interspecific variability in β, they covered a broad range of taxa and fish
lifestyles. As we are investigating congeneric species we assume that there is little
difference in β between the two species and that any effect of activity on β is constant
across the two congeners (Stoffels 2015). Accordingly, we used a β-value of -0.247 for
the mass-specific metabolic scaling coefficient, following the work of Downs et al.
(2008).

Maximal metabolic rate (MMR) was calculated as the single highest 𝑀̇𝑂2 measurement
from each trial as the 𝑈𝑐𝑟𝑖𝑡 protocol only allows a single peak 𝑀̇𝑂2 measurement to be
obtained from each fish prior to exhaustion. Standard metabolic rate (SMR) was
calculated as the average of the lowest 10% of 𝑀̇𝑂2 measurements (Clark et al. 2013a).
Aerobic scope was calculated as the absolute difference between MMR and SMR.
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Gross cost of transport (𝐶𝑂𝑇𝑔𝑟𝑜𝑠𝑠 ) is the total energy required for a fish to travel a given
distance and provides an estimation of swimming efficiency; the lower the cost of
transport, the more efficient the swimming. Values of metabolic rate (mg O2 kg-1 h-1) at
each velocity were converted to gross cost of transport (Joules km-1 kg-1) using an
oxycalorific equivalent of 3.24 cal mg-1 (Elliott and Davison 1975) and converting cal to J
(4.18 J cal-1). Gross cost of transport was modelled using Videler and Nolet (1990):
𝐶𝑂𝑇𝑔𝑟𝑜𝑠𝑠 = 𝑎𝑈 −1 + 𝑏𝑈 𝑐−1 (Eq. 2)
where a, b and c are parameters (Fig. S2). Some calculus on Eq. 2 yields optimum
swimming velocity (i.e. the swimming velocity at which 𝐶𝑂𝑇𝑔𝑟𝑜𝑠𝑠 is minimized):
𝑎

1/𝑐

𝑈𝑜𝑝𝑡 = [𝑏(𝑐−1)]

(Eq. 3)

which, when substituted back into Eq. 2 gives 𝐶𝑂𝑇𝑜𝑝𝑡 (Joules km-1 kg-1), the cost of
transport at 𝑈𝑜𝑝𝑡 . Individual-specific parameter estimates for Eq. 2 were obtained using
non-linear mixed-effects regression (Table S1); a method appropriate for repeated
measures experiments (Lindstrom and Bates 1990). These individual-specific parameter
estimates could then be used to solve for individual-specific values of 𝑈𝑜𝑝𝑡 and 𝐶𝑂𝑇𝑜𝑝𝑡 at
each temperature which, in turn, could be analysed using ANOVA. All regression was
carried out using MATLAB’s Statistics Toolbox.

Where performance across a large number of temperatures is estimated, and one has
estimates of high and low critical temperatures—whereupon performance vanishes—the
fitting of nonlinear equations with biologically meaningful parameters is desirable
(Angilletta 2006, Shi and Ge 2010). By contrast, in situations where estimates of critical
temperatures are not available, and a relatively low number of temperatures have been
examined, ANOVA is appropriate (Angilletta 2006). Our experimental design (i.e. 5
temperatures tested) and hypotheses (i.e. temperature-species interaction effects) were
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suited to an ANOVA approach. All data were ln-transformed prior to analysis in order to
satisfy the assumptions of normality and homogeneity of variances. Metabolic and
swimming parameters (SMR, MMR, AS, 𝑈𝑐𝑟𝑖𝑡 , 𝑈𝑜𝑝𝑡 , and 𝐶𝑂𝑇𝑜𝑝𝑡 ) were analysed using
linear mixed-effects models with ‘Species’, ‘Temperature’, and ‘Time-In-Lab’ (days) as
fixed factors, and ‘Individual’ as a random factor (to account for repeated measures)
using the nlme package in R (Pinheiro et al. 2016). As stated in the Introduction, we were
primarily interested in testing for Species x Temperature interactions, and so our models
also included this interaction term. Given we were primarily interested in understanding
how thermal niches differ among species, any species-specific response to Time-In-Lab
may confound inferences, so we also included a Species x Time-In-Lab term. The
resulting models were then analysed using ANOVA (Table S2). In order to help visualize
trends the following Gaussian equation was fitted to each plot (excluding SMR and
𝐶𝑂𝑇𝑜𝑝𝑡 , which did not exhibit a peaked response to temperature):
𝑡−𝑡𝑜𝑝𝑡 2

𝑃 = 𝑃𝑚𝑎𝑥 𝑒𝑥𝑝 (− (

𝜏

) )

(Eq. 4)

where 𝑡 is temperature, 𝑃 is the performance measured, 𝑃𝑚𝑎𝑥 is the maximal performance,
𝑡𝑜𝑝𝑡 is the temperature at which 𝑃𝑚𝑎𝑥 occurs, and 𝜏 controls the width of the curve. In
addition to serving as a smoother, the parameters of this equation have real biological
meaning, so confidence intervals can be compared and contrasted between species to
support inferences concerning interspecific patterns in their thermal niches.

2.4 Results
2.4.1 Multi-catchment analysis of blackfish realised thermal niches
A total of 609 records for G. marmoratus and 667 records for G. bispinosus were used to
explore the relationship between elevation, mean annual air temperature and blackfish
distribution at a multi-catchment scale (Fig. 1A). Mapping of these records suggests that
G. bispinosus are more common in headwater sections of streams, reaching peak density
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at around 350m, while G. marmoratus are more common further downstream with peak
density at around 170m (Fig. 1B). The transition between the two species occurs at
around 200-300m elevation. The elevation of G. bispinosus is strongly shifted to higher
elevations in comparison to G. marmoratus (p < 0.001). G. bispinosus has peak density at
a mean annual air temperature of ~13.3 °C, while G. marmoratus has peak density at a
mean annual air temperature of ~14.6 °C (Fig. 1C). The mean annual air temperature of
G. bispinosus is strongly shifted to lower temperatures in comparison to G. marmoratus
(p < 0.001).
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Figure 2.1 (a) Distribution map of Gadopsis marmoratus (red) and G. bispinosus (blue) in five
catchments of the Murray-Darling Basin, Australia based on data collected between 1990 and
2016 (G. marmoratus n=609; G. bispinosus n=667). Map of Australia shows location of
catchments. Data Source: 'Victorian Biodiversity Atlas', © The State of Victoria, Department of
Environment and Primary Industries (published [July, 2016]). (b) Density plot of elevation
corresponding to species’ records. Elevation values extracted from underlying digital elevation
model (GEODATA 9 Second Digital Elevation Model (DEM-9S) Version 3 http://www.ga.gov.au/). (c) Density plot of mean annual air temperature corresponding to species’
records. Temperature values extracted from averaged monthly WorldClim climate data
(http://www.worldclim.org/current).

2.4.2 Blackfish realised thermal niches along longitudinal gradients
During the summer of 2012-13 G. bispinosus was the dominant, often only, blackfish
species at the highest elevation sites of both Tallangatta Creek and the Ovens River, with
the relative abundance of G. marmoratus increasing further downstream (Fig. 2A,D). The
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highest elevation sites in both streams where G. bispinosus dominated were characterized
by colder temperatures than the lower elevation sites, where G. marmoratus was more
prevalent (Fig. 2B,E). During summer, estimates of the transition points (p; Eq. 1) were
significantly different for Tallangatta Creek and the Ovens River, irrespective of whether
relative abundance was modelled as a function of elevation or median summer
temperature (Table 1; Fig. 2). There were some sites in both streams where the congeners
coexisted, and the transition points for both streams were at similar elevations to where
the species coexist across their wider distribution (Fig. 1B).

Figure 2.2 The longitudinal distribution of blackfish in Tallangatta Creek (a, b, c) and the Ovens
River (d, e, f). The percentage of total blackfish at a site comprising each species modelled as
functions of elevation (a, d) and median temperature (c, f). Trends described by Eq. 1 with
estimates of transition point found in Table 2.1. Median temperatures with spline smoother
determined from hourly temperature measurements at each site during summer of 2012-13 (b, e).
Distribution data from Site 1 in Tallangatta Ck not included as no blackfish were detected.
Temperature data from Site 2 in Ovens River not included due to missing temperature logger.
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Table 2.1 Estimates of the transition point (p) (± 95% CIs) from Eq. 1 describing the relationship
between relative abundance of blackfishes and elevation (m a.s.l.) and temperature (°C).

Stream

Season

p – elevation (m a.s.l.)

p – temperature (°C)

Ovens River

Summer

212 (206 - 218)

23.9 (23.9 - 23.9)

Tallangatta Ck

Summer

300 (264 - 336)

21.8 (20.9 - 22.8)

Autumn

344 (293 - 394)

12.7 (12.6 - 12.8)

Spring

317 (275 - 360)

16.1 (15.9 - 16.3)

When modelled as a function of temperature, transition-points in Tallangatta Creek varied
significantly and strongly across seasons, showing that the relative distribution of
blackfishes is not shifting to match a certain temperature, at the spatial and temporal
scales investigated (Table 2.1; Figure 2.3a). In contrast, when modelled as a function of
elevation, transition-points did not differ significantly across seasons (Table 2.1; Figure
2.3Figure 2.3 The percentage of total blackfish at a site comprising each species (red = G.
marmoratus, blue = G. bispinosus) modelled as a function of elevation (a), and median
temperature in (b) Tallangatta Creek across three seasons. Trends described by Eq. 1 with
estimates of transition point found in Table 2.1.b).
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Figure 2.3 The percentage of total blackfish at a site comprising each species (red = G.
marmoratus, blue = G. bispinosus) modelled as a function of elevation (a), and median
temperature in (b) Tallangatta Creek across three seasons. Trends described by Eq. 1 with
estimates of transition point found in Table 2.1.

Yearlong temperature monitoring along the elevation gradients studied in Tallangatta
Creek and the Ovens River revealed quite different temperature conditions between the
lowest elevation sites, where G. marmoratus dominated the blackfish community and the
highest elevation sites, where G. bispinosus dominated the blackfish community (Fig. 4).
Mean annual temperatures at the lowest elevation and highest elevation sites differed by
~2.5 °C in both Tallangatta Creek (15.9 °C - 13.4 °C) and the Ovens River (15 °C - 12.6
°C). The most obvious differences between the low and high elevation sites were at the
upper end of the temperature range. While temperatures exceeded 20 °C approximately
34% and 20% of the time at the lowest elevation sites in Tallangatta Creek and the Ovens
River respectively, they were only exceeded 10% and 7% of the time at the highest
elevation sites (Fig. 4C,F).
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Figure 2.4 Temperature trends at highest and lowest elevation sites in Tallangatta Creek (A, B, C)
and the Ovens River (D, E, F) from February 2014-January 2015. (A, D) Monthly averages for
daily minimum and daily maximum temperatures. (B, E) Frequency histograms of all hourly
temperature recordings. (C, F) Proportion of temperatures exceeding values from all hourly
temperature recordings.
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2.4.3 Blackfish fundamental thermal niches: swimming performance and metabolic rates
Full ANOVA results are reported in Table S2.2.Contrary to our hypotheses, there were no
significant species-temperature interactions for standard metabolic rate (SMR), maximum
metabolic rate (MMR) or aerobic scope (AS) (Figure 2.5). Time-In-Lab is unlikely to
have affected our inferences concerning interaction effects, as there was no significant
Species x Time-In-Lab effect for these three metabolic variables (SMR: F1,58 = 2.25, p =
0.14; MMR: F1,58 = 0, p = 0.99; AS: F1,58 = 0.20, p = 0.66). In agreement with ANOVA,
confidence intervals around the parameter estimates for 𝑡𝑜𝑝𝑡 overlapped between species,
for all metabolic measures (Table 2.2; Figure 2.5). Standard metabolic rate was very
similar between species (F1,15 = 0.11, p = 0.75) but was significantly affected by
temperature (F4,58 = 355, p < 0.001), approximately tripling between 10 degrees and 26
degrees (Figure 2.5a). Time-In-Lab had no significant effect on SMR (F1,58 = 0.98, p =
0.33), but significantly, albeit subtly, eroded MMR and AS (MMR: F1,58 = 6.83, p =
0.011; AS: F1,58 = 6.28, p = 0.015). Despite the significant impact of Time-In-Lab, the
effects of temperature and species on MMR and AS were clear and strong. There was a
significant effect of temperature on MMR (F4,58 = 146, p < 0.001) and AS (F4,58 = 39.2, p
< 0.001). Highest MMR and AS were observed at 22 degrees for both species (Figure
2.5b,c). There was an obvious main effect of species on MMR (F1,15 = 59.6, p < 0.001)
and AS (F1,15 = 70.0, p < 0.001); G. bispinosus having a higher MMR (and hence AS) at
all 5 temperatures tested (Figure 2.5b,c).
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Figure 2.5 Mean (±S.E.) mass-standardized metabolic rates of G. marmoratus (n=9 at all
temperatures) and G. bispinosus (n=8 at all temperatures) acclimated to five temperatures. (a)
Standard metabolic rate (SMR); (b) maximal metabolic rate (MMR) and; (c) aerobic scope (AS).
Metabolic rates standardized to a mass of 10 g. Critical swimming velocity and optimal
swimming performance of Gadopsis marmoratus and G. bispinosus as a function of water
temperature. (d) Mean (± S.E.) critical swimming velocity (𝑈𝑐𝑟𝑖𝑡 ) across temperatures. (e) Mean
(± S.E.) optimal swimming speed (𝑈𝑜𝑝𝑡 ) across temperatures. (f) Mean (±S.E.) costs of transport
at optimal swimming speeds (𝐶𝑂𝑇𝑜𝑝𝑡 ) across temperatures. Lines for a and f are spline smoothers,
b, c, d and e used Eq. 4. The 95% CIs for the parameter estimates of this function are in Table 2.2.
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Table 2.2 Parameter estimates (± 95% CIs) from Eq. 4. 𝑃𝑚𝑎𝑥 corresponds to estimated peak for
performance, 𝑡𝑜𝑝𝑡 corresponds to temperature (°C) at peak performance and 𝜏 controls the width
of the curve.

G. bispinosus
MMR

AS

𝑈𝑐𝑟𝑖𝑡

𝑈𝑜𝑝𝑡

G. marmoratus

𝑃𝑚𝑎𝑥 (mgO2/kg/hr) 443 (397 - 488)

319 (308 - 329)

𝑡𝑜𝑝𝑡 (°C)

25.6 (18.4 - 32.8)

24.3 (22.4 - 26.3)

𝜏

19.9 (9.82 - 30.0)

18.0 (15.1 - 21.0)

𝑃𝑚𝑎𝑥 (mgO2/kg/hr) 317 (287 - 348)

206 (202 -210)

𝑡𝑜𝑝𝑡 (°C)

23.3 (17.4 - 29.1)

21.5 (20.9 - 22.1)

𝜏

19.3 (8.39 - 30.2)

16.2 (14.9 - 17.4)

𝑃𝑚𝑎𝑥 (BL s-1)

2.69 (2.41 - 2.97)

2.63 (2.52 - 2.73)

𝑡𝑜𝑝𝑡 (°C)

22.3 (16.3 - 28.4)

20.5 (19.6 - 21.3)

𝜏

20.6 (6.86 - 34.3)

14.9 (12.9 - 16.9)

𝑃𝑚𝑎𝑥 (BL s-1)

2.73 (2.34 – 3.13)

2.20 (1.98 - 2.41)

𝑡𝑜𝑝𝑡 (°C)

19.4 (18.1 – 20.6)

20.4 (19.2 - 21.6)

𝜏

9.58 (7.33 – 11.8)

11.4 (8.98 - 13.8)

Time-In-Lab had a significant, negative effect on 𝑈crit (F1,58 = 10.84, p = 0.002), but not
on 𝑈opt nor 𝐶𝑂𝑇opt (𝑈opt : F1,58 = 1.31, p = 0.26; 𝐶𝑂𝑇opt : F1,58 = 0.08, p = 0.78). The
impact of Time-In-Lab on 𝑈crit was very small relative to the effect of temperature (Table
S2.2). As was the case for metabolic variables, our inferences concerning species-specific
𝑈crit , 𝑈opt and 𝐶𝑂𝑇opt responses were not confounded by Species x Time-In-Lab
interactions (𝑈crit : F1,58 = 0.81, p = 0.37; 𝑈opt : F1,58 = 0.15, p = 0.70; 𝐶𝑂𝑇opt : F1,58 =
0.44, p = 0.51). Significant species-temperature interactions were obtained for 𝑈crit (F4,58
= 6.47, p < 0.001), 𝑈opt (F4,58 = 8.10, p < 0.001) and 𝐶𝑂𝑇opt (F4,58 = 4.02, p = 0.006)
(Figure 2.5). However, confidence intervals around the estimates of both peak
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performance and optimal temperature for 𝑈crit and 𝑈opt overlapped (Table 2.2),
suggesting the interaction effect from ANOVA was not due to differences in the
horizontal location of species-specific TPCs (Figure 2.5). Therefore, there was
insufficient evidence that the TPCs of G. marmoratus are warm-shifted relative to that of
G. bispinosus (Figure 2.5d-f). Instead, in the case of 𝑈opt , the significant speciestemperature interaction indicated higher optimal swimming velocities for G. bispinosus,
but only in the temperature range 14 – 22 °C (Figure 2.5e). With respect to 𝐶𝑂𝑇opt , the
significant species-temperature interaction is likely due to G. bispinosus’ cost of transport
at optimal velocity increasing faster with temperature than that of G. marmoratus,
particularly across temperatures 10 – 18 °C (Figure 2.5f). It also worth noting here that, in
addition to the significant species-temperature interaction, the 𝐶𝑂𝑇opt of G. bispinosus
was significantly higher than that of G. marmoratus across all temperatures (F1,15 = 42.16,
p < 0.001; Figure 2.5f). Examination of Figure 2.5d shows that the significant speciestemperature interaction for 𝑈crit is extremely weak—despite its statistical significance—
and may indicate G. bispinosus has higher maximal swimming velocities than G.
marmoratus, but only at extreme temperatures (10 and 26 °C).

2.5 Discussion
Both the broad and fine scale analyses of blackfish distribution as a function of
temperature revealed the two species’ realised thermal niches are offset from one another,
with G. marmoratus occupying comparatively warmer environments than G. bispinosus.
In contrast, there was little evidence supporting differences in the two species’
fundamental thermal niches; their thermal performance curves (TPCs) based on aerobic
swimming performance and aerobic scope were very similar to one another with respect
to temperature. We suggest two possible reasons for this discord and discuss how it may
affect predictions of future distributions under climate change. First, the two species may
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have similar fundamental thermal niches but different realised thermal niches due to the
influence of non-thermal factors on their distributions. Alternatively, the two species’
fundamental thermal niches may indeed be different, but aerobic swimming performance
and aerobic scope (AS) do not adequately characterize the fundamental thermal niche in
these two species.

One could suggest that the discord between our estimates of the two species’ realised and
fundamental thermal niches, and the stable pattern of their distribution across seasons in
Tallangatta Creek with regard to elevation but not temperature, indicate that non-thermal
factors may drive the disjunct distributions of G. marmoratus and G. bispinosus.
Numerous non-thermal niche axes also vary with elevation, including stream velocity,
prey type and availability, and habitat structure (Gorman and Karr 1978, Vannote et al.
1980, Statzner and Higler 1986, Naiman et al. 1987, Nakano et al. 1999, Ibanez et al.
2007, Crow et al. 2010). It is possible that G. marmoratus and G. bispinosus may
differentiate their niches along one or more of these non-thermal axes.

If the distribution of blackfish is influenced by stream velocity, then we may expect the
two species to have different swimming capabilities, represented as differences in their
𝑈crit or 𝑈opt values (Fulton et al. 2005). Headwater reaches of streams typically have a
higher proportion of high velocity habitats compared to downstream reaches (Pease et al.
2012). We could therefore expect G. bispinosus to have increased swimming performance
compared to G. marmoratus. G. bispinosus did indeed have marginally higher critical
swimming velocities at most temperatures and higher optimal swimming velocities at
intermediate temperatures (14-22 °C) than G. marmoratus, possibly indicating an
increased ability to occupy higher velocity sections of the stream that are more common
at higher elevations. However, it should be noted that G. bispinosus had a significantly
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higher cost of transport than G. marmoratus at all temperatures tested, so G. bispinosus
expended significantly more energy than G. marmoratus for similar or marginally better
swimming performance. Patterns in stream hydraulics have been suggested to be a major
driver of freshwater species’ assemblages (Statzner and Higler 1986, Statzner et al. 1988,
Poff and Allan 1995, Grossman and Ratajczak 2010). For example, Grossman and
Ratajczak (2010) found that changes in fish assemblages along an elevation gradient
corresponded with changes in stream velocity, and that these changes could be explained
by interspecific differences in critical swimming velocity. Taking a similar approach to
the present study, Morita et al. (2016) compared the realised and fundamental hydraulic
niches of white-spotted charr (Salvelinus leucomaenis) and masu salmon (Oncorhynchus
masou) in Japanese streams. White-spotted charr and masu salmon occupied,
respectively, slower and faster water velocities in situ. Experimental analysis of their
swimming performance confirmed that their realised hydraulic niche accords with their
fundamental hydraulic niche, as masu salmon exhibited twice the swimming endurance of
white-spotted charr. Given (a) the importance of hydraulics to fish ecology and evolution
(Langerhans 2008) and (b) the covarying nature of stream hydraulic and thermal regimes
along the river continuum, there is a need for studies that aim to elucidate the relative
importance of stream hydraulics and temperature in shaping longitudinal distribution of
riverine animals.

Closely related fishes may partition their niche along axes associated with prey type and
availability (Werner 1977, Persson and Greenberg 1990, Wainwright 1996, Daly et al.
2008). Stream macroinvertebrate communities, and food resources more generally,
change substantially along the river continuum (Vannote et al. 1980, Marchant et al.
1994). These longitudinal changes in trophic resources may interact with consumer traits
to structure riverine animal communities. Ibañez et al. (2009) showed that the trophic
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guild composition of fishes changes along the river continuum, with upper reaches
dominated by invertivores, but with omnivores increasing in prevalence as we proceed
downstream, concordant with predictions of the River Continuum Concept. Returning to
the present study, it is possible that the disjunct distribution of blackfishes is driven by
differences in their trophic niches rather than their thermal niches. G. marmoratus and G.
bispinosus have discernible differences in their head and mouth morphology, and such
morphological differences can have a strong effect on the trophic niche of closely related
species (Wainwright 1996, Higham et al. 2006, Stoffels 2013). Recent data have shown
that, when in sympatry, these two congeners have different diets (G. K. Dwyer,
unpublished data). Therefore, longitudinal differences in prey composition, coupled with
differences in blackfish trophic niches, provide a plausible hypothesis to explain the
disjunct distributions of these species.

Despite our results, it is possible that G. marmoratus and G. bispinosus may indeed have
different fundamental thermal niches, but differentiate them along axes other than
temperature-dependent swimming performance or aerobic scope. There is a growing body
of literature suggesting peak AS may not be a reasonable approximation of a species’
thermal optimum (Healy and Schulte 2012, Overgaard et al. 2012, Clark et al. 2013a,
Clark et al. 2013b, Ern et al. 2014, Gräns et al. 2014, Jutfelt et al. 2014, Norin et al. 2014,
Stoffels et al. 2016), and despite being used extensively as a measure of performance, the
relationship between critical swimming velocity and an organism’s fitness is not clear
(Plaut 2001). Estimated optimal temperatures (𝑡𝑜𝑝𝑡 ± 95% CIs) for both blackfish species,
based on aerobic swimming performance and metabolic rates, aligned poorly with their
realised thermal niches. This was particularly the case for G. bispinosus where 𝑡𝑜𝑝𝑡 for
MMR (25.6 ± 7.2 °C), AS (23.2 ± 5.9 °C), and 𝑈crit (22.3 ± 6.1 °C) occurred less than
5% of the time throughout the year at the highest sites sampled for both Tallangatta Creek
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and the Ovens River; sites where G. bispinosus is the only blackfish species present. In
addition to this, estimates of 𝑡𝑜𝑝𝑡 for G. bispinosus were slightly higher than those for G.
marmoratus, which is the reverse of what their realised thermal niches would have us
predict. It should be noted, however, that the 𝑡𝑜𝑝𝑡 95% CIs for G. bispinosus are quite
wide. Therefore, our estimates of the fundamental thermal niche of these two species
using aerobic swimming performance and metabolic rates appear to explain very little of
their realised thermal niche.

Several studies show interspecific thermal niche differentiation along axes not defined by
aerobic swimming performance and metabolic rates, such as critical thermal limits
(Somero 2002, Lai et al. 2011), behavioural traits (Cerdá et al. 1998, Norin et al. 2014),
anaerobic locomotion (Stoffels et al. 2016), and growth (Healy and Schulte 2012). While
winter temperatures were quite similar between lower and higher elevation sites in our
fine-scale analysis of blackfish distribution, mean maximum temperatures in summer
months differed by more than 4 degrees. Perhaps G. marmoratus and G. bispinosus have
different critical thermal limits; with G. bispinosus unable to tolerate the warmer
temperatures associated with lower elevation environments.

Different measures of performance may have different optimal temperatures which
together shape a species fundamental thermal niche (Huey and Stevenson 1979, Clark et
al. 2013a). In this situation, the optimum temperature for a single measure of performance
does not necessarily translate to the temperature at which a species achieves greatest
fitness in the wild (Gräns et al. 2014). Therefore, despite having a similar thermal
optimum for aerobic swimming performance, G. marmoratus and G. bispinosus may have
different thermal optimum for other performance measures such as anaerobic swimming
performance, growth rate and reproductive output. Differences in the thermal optimum
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for anaerobic performance has been found in congeneric freshwater crayfish that are
distributed along elevational gradients (Stoffels et al. 2016). Additionally, the
fundamental thermal niche can change throughout an organism’s development (Sinclair et
al. 2016), so the thermal sensitivity of aerobic swimming performance and metabolic
rates for G. marmoratus and G. bispinosus may differ at life-history stages not considered
here. Ectotherms are known to have intraspecific variation in thermal performance that
correlates with variations in environmental conditions they inhabit (Farrell et al. 2008,
Kuo and Sanford 2009, Eliason et al. 2011). The fish examined here were obtained from a
single stream from within their distribution. Furthermore, blackfish are known to have
small home ranges (Khan et al. 2004, Broadhurst et al. 2011), and may be poor dispersers.
Therefore, populations of blackfish may be adapted to local thermal conditions. It is
possible that the thermal performance of both species is quite similar in Tallangatta
Creek, where the two species coexist at a number of sites, but may differ for populations
occurring at other locations in their distribution. A detailed examination of the thermal
sensitivity of multiple performance measures across multiple life-history stages, and
populations may be required to accurately characterize the fundamental thermal niches of
freshwater ectotherms.

Predictions made based on correlations of species’ distributions and climate data assume
that species are adapted to the conditions of their current environment and therefore
provide a reasonable approximation of a species thermal niche. They also assume that
climate is the primary driver of distributions (Heino et al. 2009). Here we show that two
closely related species with a disjunct distribution along a temperature gradient appear to
have very similar fundamental thermal niches. Therefore, our expectations of how the
distributions of these two species will change under future climates are likely to differ
substantially depending on whether our predictions are based on the realised or the
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fundamental thermal niche. This may be similar for other species depending on the degree
of correlation between climatic variables and other factors that influence that species
distribution (Soberon and Peterson 2005). Indeed, there are suggestions that non-thermal
factors (e.g. stream hydraulics), that happen to correlate with habitat temperature may be
causing disjunct distributions in the two blackfish species studied here. A better
understanding of whether realised or fundamental thermal niches shape species’ current
distributions is needed if we are to make rigorous predictions about the effect future
climates will have on freshwater species’ distributions.
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2.8 Supplementary material

2.8.1 Relationship between air temperature and stream temperature
To determine whether air temperatures are a good substitution for stream temperatures in
our area of study we compared the stream temperatures measured at sites in Tallangatta
Creek and the Ovens River with air temperatures obtained from ANU Climate
(Hutchinson et al. 2014). Air temperature data from ANUCLIM are calculated by
interpolation of Bureau of Meteorology temperature data using ANUSPLIN to a 0.01
degree spatial resolution. We obtained daily maximum and daily minimum air
temperatures for the period Jan 2013-Jan 2014, and took their average for daily mean air
temperature. Air temperature data corresponding to each site (Tallangatta Creek: n=11,
Ovens River: n=10) were extracted based on each sites coordinates. Mean daily stream
temperature was calculated using the same method as used for air temperature. Mean
daily air temperature and mean daily stream temperature were averaged by month. A
linear regression performed for all sites within each stream.

Monthly mean air temperature appears to be a good proxy for a monthly mean stream
temperature, at least for the two streams studied here, with both streams having close to a
1:1 air-water temperature relationship (Tallangatta Ck: R2 = 0.97, slope = 0.86, Ovens
River: R2 = 0.97, slope = 0.95). Therefore, we believe the difference in annual air
temperature experienced across the distribution of Gadopsis marmoratus and G.
bispinosus is indicative of a different realised thermal niche.
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Figure S2.1 Linear regression of month mean air temperature and monthly mean stream
temperature at A) Tallangatta Creek, and B) Ovens River during 2013.
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2.8.2 Gross cost of transport

Figure S2.2 Predicted gross cost of transport (𝐶𝑂𝑇𝑔𝑟𝑜𝑠𝑠 ) as a function of swimming velocity for
individual Gadopsis bispinosus (n = 8) and G. marmoratus (n = 9) acclimated to five water
temperatures. Parameter values for individual lines estimated using non-linear mixed-effects
regression, where the parameter values for individual fish represent random effects around
population mean effects on each parameter (predictions for population effects not plotted). The
domains for each plot were determined by the maximal 𝑈𝑐𝑟𝑖𝑡 (BL s-1) for that temperature.
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Table S2.1 Parameter estimates (± 95% CIs) and coefficients of determination (R2) of Eq. 2 fitted
to the gross COT data of Gadopsis bispinosus and G. marmoratus acclimated and swum at five
temperatures. Parameters estimated using non-linear mixed effects regression, incorporating both
a fixed population effect and the random effect of individuals.
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G. bispinosus
0.56
607 (101 - 1112)
3002 (2866 - 3140)
1.7 (1.0 - 1.6)
0.51
808 (111 - 1504)
3695 (3310 - 4079)
1.1 (1.1 – 1.1)
0.68
2251 (1165 - 3337)
2830 (2625 - 3034)
1.2 (1.2 – 1.2)
0.79
3698 (2879 - 4516)
2382 (1998 - 2765)
1.4 (1.3 – 1.6)
0.81
4223 (3268 - 5178)
1735 (1407 - 2064)
1.8 (1.7 – 1.9)

G. marmoratus
0.68
1534 (1137 - 1191)
1449 (1143 - 1754)
2.0 (1.6 - 2.4)
0.69
2023 (1269 - 2777)
1405 (974 - 1837)
1.7 (1.7 - 1.7)
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3001 (2167 - 3836)
1098 (744 - 1452)
1.7 (1.7 - 1.7)
0.93
4657 (3058 - 6255)
615 (360 - 869)
2.3 (2.3 - 2.3)
0.90
4652 (3386 - 5737)
602 (264 - 939)
2.7 (2.6 - 2.9)
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2.8.3 Full ANOVA results
Table S2.2 Results from ANOVA on linear mixed-effects models on standard metabolic rate
(SMR), maximum metabolic rate (MMR), aerobic scope (AS), critical swimming velocity (𝑈𝑐𝑟𝑖𝑡 ),
optimal swimming velocity (𝑈𝑜𝑝𝑡 ), and cost of transport at 𝑈𝑜𝑝𝑡 (𝐶𝑂𝑇𝑜𝑝𝑡 ). Degrees of freedom
(DFn and DFd), F-value (F), and probability value (p) are reported. * denotes significant at α=0.05

Trait
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MMR

AS

𝑈𝑐𝑟𝑖𝑡

𝑈𝑜𝑝𝑡
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Species
Temperature
Time In Lab
Species:Temperature
Species:Time In Lab
Species
Temperature
Time In Lab
Species:Temperature
Species:Time In Lab
Species
Temperature
Time In Lab
Species:Temperature
Species:Time In Lab
Species
Temperature
Time In Lab
Species:Temperature
Species:Time In Lab
Species
Temperature
Time In Lab
Species:Temperature
Species:Time In Lab
Species
Temperature
Time In Lab
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Species:Time In Lab

DFn
1
4
1
4
1
1
4
1
4
1
1
4
1
4
1
1
4
1
4
1
1
4
1
4
1
1
4
1
4
1

DFd
15
58
58
58
58
15
58
58
58
58
15
58
58
58
58
15
58
58
58
58
15
58
58
58
58
15
58
58
58
58

F
0.105
355.34
0.977
1.986
2.252
59.641
145.551
6.834
1.054
0
69.955
39.171
6.275
1.155
0.196
1.624
104.491
10.84
6.473
0.807
2.233
84.96
1.312
8.098
0.154
42.164
92.314
0.081
4.024
0.439

p
0.751
<0.001 *
0.327
0.109
0.139
<0.001 *
<0.001 *
0.011 *
0.387
0.987
<0.001 *
<0.001 *
0.015 *
0.34
0.66
0.222
<0.001 *
0.002 *
<0.001 *
0.373
0.156
<0.001 *
0.257
<0.001 *
0.696
<0.001 *
<0.001 *
0.777
0.006 *
0.51
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Chapter 3: Strong impacts of climate change on the seasonal growth
dynamics of riverine fishes along an elevational gradient

3.1 Abstract
Climate change is predicted to drive major changes in freshwater biodiversity over the
next century, so an understanding of how increasing temperatures affect the fitness of
freshwater organisms is necessary to manage those changes. We determined how climate
change will affect growth rates of two riverine fishes distributed along an elevational
gradient; Gadopsis marmoratus and G. bispinosus. We developed temperature-growth
models for both species and used these models to predict growth rates at a monthly timescale across their distribution under current and projected temperatures. Projections were
based on two IPCC AR5 climate change scenarios (RCP2.6 and RCP8.5) at two future
time periods (2050 and 2070). Our models predict an increase in growth rate for both
species during autumn and spring, and a decrease in growth rate during summer,
particularly for G. bispinosus. By 2070 under RCP8.5, at lower elevations, summer
growth rates of G. marmoratus are predicted to decrease by ~14%, while G. bispinosus
growth rates are predicted to decrease by ~45%. These strong reductions in growth will
occur during the critical juvenile recruitment season, which may translate to significant
impacts on blackfish population dynamics. Our results suggest the distribution of G.
bispinosus is likely to contract to higher elevations. Our study highlights the potential
magnitude of climate change impacts in riverine communities, and the importance of
including seasonal variation in predictions of climate change impacts on freshwater
organisms.
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3.2 Introduction
Mean global surface temperatures are likely to increase by 1 to 3.7 °C by the end of this
century, compared to 1986-2005 levels (IPCC 2013). This increase in surface
temperatures will alter thermal regimes in freshwater systems and is predicted to be a
major driver of changes in freshwater biodiversity (Sala et al. 2000). Temperature
strongly affects the fitness of freshwater ectotherms through its impact on metabolic rates
(Gillooly et al. 2001, Brown et al. 2004), growth (King et al. 1999), survival
(Amarasekare and Savage 2012), and reproduction (Pankhurst and Munday 2011), which
in turn help determine species’ distribution limits (Walther et al. 2002, Buisson et al.
2008a). Accordingly, altered thermal regimes due to climate change are predicted to have
strong impacts on the distribution and abundance of freshwater organisms (Jackson and
Mandrak 2002, Chu et al. 2005).

Freshwater species assemblages change along elevational gradients, with temperature
thought to be a major determinant of these patterns (Taniguchi et al. 1998, Stoffels et al.
2016). Under future climates, species ranges are predicted to shift towards higher
elevations (Walther et al. 2002, Parmesan and Yohe 2003, Daufresne et al. 2009, Chen et
al. 2011), with a 3°C change in annual mean temperature corresponding to a 500 m
upward shift in isotherms (Hughes 2000). Indeed, increasing temperatures appear to have
already caused some freshwater organisms to shift to higher elevations (Daufresne et al.
2004, Comte and Grenouillet 2013). Consequently, range sizes of headwater species may
decrease, while those of low-mid elevation species may stay the same or even increase as
they move upstream to occupy new habitats (Chu et al. 2005, Buisson et al. 2008b). In
freshwater systems, the vulnerability of species that do not have a terrestrial phase is
further exacerbated by the hierarchical drainage pattern of freshwater systems and the
presence of natural and man-made barriers (Campbell Grant et al. 2007, Heino et al.
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2009). These factors hamper dispersal and may make it difficult for many freshwater
species to avoid the detrimental effects of climate change. Therefore, there is an urgent
need to increase our understanding of how temperature affects the fitness of freshwater
organisms and to increase our predictive capacity, particularly along elevational
gradients.

Here we investigate the possible impacts of climate change scenarios on the performance
of two fishes that inhabit upland streams of south-eastern Australia; the river blackfish
(Gadopsis marmoratus; J. Richardson, 1848) and two-spined blackfish (G. bispinosus;
Sanger, 1984). The two species show a disjunct distribution along elevational gradients,
with G. marmoratus occupying lower elevation environments than G. bispinosus.
Previous predictions based on correlational models suggest both blackfish species will
undergo strong range contractions due to climate change (Bond et al. 2011, Bond et al.
2014). However, we lack a mechanistic understanding of how temperature affects the
fitness of these two species. As in other mid-latitude climates worldwide, freshwater
temperatures across SE Australia are predicted to see some of the largest increases as a
result of climate change (Sousa et al. 2011, Perkins et al. 2012, van Vliet et al. 2013). In
such climates, the impacts of rising temperatures on freshwater organisms are likely to
vary seasonally, determined by the relationship between current thermal conditions and a
species thermal optimum (i.e. the temperature where performance in maximal) (Deutsch
et al. 2008). If a species’ thermal optimum is relatively high compared to current
temperatures, then increases in temperature may be beneficial year-round. Conversely, if
a species’ thermal optimum is very close to current thermal conditions, or even exceeded
during warmer months, then the effects of increasing temperatures will be highly variable
across seasons. Therefore, an increased understanding of how current and future thermal
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regimes interact with the temperature-dependent performance of organisms inhabiting
mid-latitudes is necessary to predict the impact of climate change on populations.

To determine how altered thermal regimes may affect these two species, we used
laboratory experiments to estimate the parameters of models describing growth rate as a
function of temperature. Growth is a critical driver of fitness in fishes (King et al. 1999,
Beardsley and Britton 2012, Morrongiello et al. 2014). We then used each species’
growth models to (a) determine whether temperature-dependent growth rate is a good
predictor of current distributions, and (b) compare and contrast how growth rate of both
species may be affected under IPCC AR5 climate scenarios RCP2.6 and RCP8.5 by the
mid (2050) and late (2070) 21st century. Based on our understanding of the distribution of
these two species along elevational gradients, we hypothesised that temperaturedependent growth models of G. marmoratus and G. bispinosus would be offset from one
another, with G. marmoratus having a higher thermal optimum for growth rate than G.
bispinosus. Assuming temperature is an important factor affecting the distribution of
these two species we hypothesised that each species would be most common in river
segments (sensu Fausch et al. 2002) corresponding to their highest predicted growth rates.
If the temperature dependent growth models differed between species as expected, then
we hypothesised that G. bispinosus would be more negatively affected by climate change
than G. marmoratus, due to a lower thermal optimum for growth.

3.3 Materials and methods
3.3.1 Fish collection and accommodation
A total of 41 Gadopsis marmoratus (mass, 27.81 ± 1.75g; total length, 152.32 ± 3.34cm)
and 42 G. bispinosus (mass, 29.11 ± 1.35g; total length, 165.26 ± 3.04cm) were collected
from Tallangatta Creek and transported back to the Murray-Darling Freshwater Research
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Centre (MDFRC). Fish were housed individually in aquaria (440 mm l × 240 mm w ×
290 mm d), with sump filtration to maintain high water quality. Aquaria were situated in a
controlled-temperature laboratory at the MDFRC and were exposed to a 12:12
photoperiod. Fish were randomly divided into systems comprising seven tanks each. Fish
were allowed to adjust to lab conditions for one week, during which temperatures were
gradually changed to the 12 different test temperatures (range: ~10-26 oC) and then
allowed to acclimate to their test temperature for two weeks before the start of the growth
experiments. Temperature in each system was automatically controlled using Temp4
software (Loligo Systems). During these initial three weeks, fish were fed five days a
week on a diet of live blackworms (Lumbriculus variegatus).

3.3.2 Growth experiment
Fish were weighed at the beginning of experiments and fortnightly thereafter for the
duration of the eight-week growth experiment. Fish were fed four times a day MondayFriday with live blackworms for eight weeks, except on days when fish were weighed,
when they were only fed once that day following weighing. Fish were not fed on
weekends. The amount of food added was in excess of fish consumption, supported by
the accumulation of live worms in the bottom of each tank, which were removed at the
end of each week. Specific growth rate (𝑆𝐺𝑅) was calculated using: 𝑆𝐺𝑅 = ((𝑙𝑛𝑊𝑓 −
𝑙𝑛𝑊𝑖 )×100)/𝑡, where 𝑙𝑛𝑊𝑓 is the natural logarithm of the final weight, 𝑙𝑛𝑊𝑖 is the
natural logarithm of the initial weight, and 𝑡 is the time in days between 𝑙𝑛𝑊𝑓 and 𝑙𝑛𝑊𝑖 .
Each system contained a water temperature logger (onset® UA-001-08 - HOBO®
Pendant, Temperature/Alarm Data Logger) that recorded temperature every five minutes
for the duration of experiments. Mean temperature for the eight weeks in each system was
used as the independent variable for modelling growth rate.
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3.3.3 Growth rate models and model selection
We modelled growth rate as a function of temperature using five unimodal models (see
3.8.1 for model descriptions). All five models have previously been used in studies on
temperature-dependent rates and were selected based on their ability to provide a different
shape to the growth curve (Logan et al. 1976, Lactin et al. 1995, Briere et al. 1999,
Angilletta 2006, Krenek et al. 2011). Models were fitted to data using Levenberg–
Marquardt non-linear least squares in R. (package ‘minpack.lm ’; Elzhov et al. 2015, R
Core Team 2015).

To compare these growth models we used the second-order Akaike’s information
criterion (AIC; Akaike 1974, Burnham and Anderson 2002): 𝐴𝐼𝐶𝑐 = −2 ln(𝐿) + 2𝐾 +
(2𝐾(𝐾 + 1)/(𝑛 − 𝐾 − 1)), where −2𝑙𝑛(𝐿) + 2𝐾 is the standard 𝐴𝐼𝐶, with 𝐿 the
maximized log-likelihood for the model, and 𝐾 the number of parameters in the model.
The second part of the equation is a bias correction term, useful for when the sample size
𝑛 is not very large with respect to 𝐾, as is the case here (Burnham and Anderson 2002). A
model’s ∆𝐴𝐼𝐶𝑐 is the difference between its 𝐴𝐼𝐶𝑐 and the best model’s 𝐴𝐼𝐶𝑐: ∆𝐴𝐼𝐶𝑐𝑖 =
𝐴𝐼𝐶𝑐𝑖 − 𝑚𝑖𝑛𝐴𝐼𝐶𝑐. The model likelihood was calculated as ℒ = 𝑒𝑥𝑝(−0.5∆𝐴𝐼𝐶𝑐).
Akaike weights for each model were calculated by dividing the model likelihood for each
model by the sum of all models likelihoods: 𝑤𝑖 = ℒ/(∑ℒ), resulting in weights that sum
to 1. Each model’s Akaike weight is the likelihood that it is the best model amongst the
set of models, given the data (Burnham and Anderson 2002). We used ‘aictab’ in R to
compare models using 𝐴𝐼𝐶𝑐 (package ‘AICcmodavg’; R Core Team 2015, Mazerolle
2016).

We calculated a model-averaged estimate of 𝑇𝑜𝑝𝑡 so as to include the uncertainty
surrounding the best growth model. First we created a confidence set of plausible models
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by discarding all models with a ∆𝐴𝐼𝐶𝑐 value above 6 (~0.05 model likelihood). Akaike
weights were then recalculated based on the remaining models, so as to sum to 1. Model
averaged estimates of 𝑇𝑜𝑝𝑡 were then calculated as 𝑇𝑜𝑝𝑡 𝑎𝑣𝑒 = ∑𝑤𝑖 𝑇𝑜𝑝𝑡 𝑖 , based on the
remaining models’ adjusted Akaike weights (𝑤) and predicted 𝑇𝑜𝑝𝑡 of each model (𝑖). For
the Gaussian and modified Gaussian models 𝑇𝑜𝑝𝑡 was directly obtained from the model
parameters; for the Lactin, Logan10, and Briere2 models 𝑇𝑜𝑝𝑡 was calculated from the
fitted model, defined as the temperature at maximum growth rate (𝑆𝐺𝑅𝑚𝑎𝑥 ).

3.3.4 Growth rates and distribution under current climates
To determine whether temperature-dependent growth rate is a good predictor of the
current distribution of G. marmoratus and G. bispinosus, we compared occurrence data
for both species to their predicted growth rates as a function of temperature. Presence data
for both species were obtained from the 'Victorian Biodiversity Atlas', © The State of
Victoria, Department of Environment and Primary Industries (published July 2016). Data
collected before 1990 were discarded to avoid any potential problems arising from
misidentifications, as G. bispinosus was only described in 1984 (Sanger 1984). Records
were then restricted to the catchments that contained occurrences for both species,
resulting in five catchments of the Murray-Darling Basin being used (Upper Murray,
Kiewa, Ovens, Broken, and Goulburn). Elevation for each record was extracted from a
15-second resolution DEM (http://hydrosheds.cr.usgs.gov/hydro.php). We then counted
the number of occurrences of each species at 40m elevation intervals for the range where
the two species occur (100-1100m a.s.l.).

Detailed stream temperature data does not exist for many streams in the study area, which
makes it difficult to determine the precise temperature conditions experienced by
freshwater organisms. However, air temperature can provide a good approximation of
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water temperature at certain time scales (e.g. weeks, months) (Caissie 2006). We
modelled the relationship between monthly mean air temperature and monthly mean
water temperature for 14 sites (100-1650 m a.s.l.; Figure S3.1; Figure S3.2; Figure S3.3)
within the five catchments using a non-linear mixed effects model (see 3.8.2 for details)
(Zuur et al. 2009). We extracted monthly mean air temperatures for the period 1960-1990
(hereafter referred to as current climate - http://www.worldclim.org/current) to a stream
network of 2870 stream segments, with an average length of 3.42 km (modified from
http://hydrosheds.cr.usgs.gov/hydro.php). We used our mixed effects model to convert air
temperatures to water temperatures (Table S3.1). This approach does assume the current
air-water temperature relationship for the catchments studied here will remain the same
under altered climate regimes.

Model-averaged predictions of growth rate for G. marmoratus and G. bispinosus were
calculated for each month and then averaged across the whole year. Model-averaged
predictions of growth rate were calculated using the same method used to model-average
estimates of 𝑇𝑜𝑝𝑡 (i.e. 𝑆𝐺𝑅𝑎𝑣𝑒 = ∑𝑤𝑖 𝑆𝐺𝑅𝑖 ). We calculated their predicted growth rates
for all stream segments and averaged them at the same 40m elevation intervals used for
the species occurrence data. We normalised both the occurrence data and predicted
growth rates, and plotted them as ordered pairs. We then used linear regression to
determine the slope of the relationship between normalised occupancy and growth data. If
temperature-dependent growth rate perfectly explains distribution at this coarse scale,
then the slopes of these regressions will be 1 (e.g. normalised minimal growth and
minimum occupancy both equal 0; normalised maximal growth and maximum occupancy
both equal 1).
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3.3.5 Growth rates under future climates
To determine how growth rates of G. marmoratus and G. bispinosus may be affected by
climate change we used predicted monthly air temperature data for two different climate
scenarios (RCP2.6 and RCP8.5) and two different time periods (2050 and 2070). The two
RCP (Representative Concentration Pathway) scenarios we used are the lowest and
highest greenhouse gas concentration trajectories used by the IPCCs fifth assessment
report (IPCC 2013). Monthly air temperature predictions were obtained from WorldClim
for all global climate models (GCMs) available for the corresponding RCP and time
period (http://www.worldclim.org/CMIP5v1). Monthly minimum and maximum
temperature predictions were averaged across all GCMs to give a single prediction for
minimum and maximum monthly temperatures. These were then averaged to give a
monthly estimate of mean temperature and extracted to each of the stream segments.
These temperatures were then converted to stream temperature using the global model
outlined earlier (Appendix 2). We calculated the difference in predicted growth rates
relative to current climate for three elevation bands for each species. The elevation bands
were based on quartiles of each species’ occurrence data (Q1, IQR, and Q3) (Figure S3.4).
We hereafter refer to these bands as, respectively, the lower, middle and upper regions of
their current distribution with respect to elevation. A single monthly temperature estimate
for each elevation band was determined by averaging the temperature of all stream
segments within that band (Figure S3.5). Growth rates were then predicted following the
same method described earlier.

3.4 Results
For both species, the modified Gaussian model was the highest ranked model using 𝐴𝐼𝐶𝑐
(Figure 3.1; Figure 3.2; Table 3.1; Table 3.2). For G. marmoratus the modified Gaussian
was only marginally better than the Gaussian model, and all five models were plausible
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given the data (Table 3.1). For G. bispinosus only the modified Gaussian and Gaussian
were plausible models given the data (Table 3.2). The estimated optimal temperature for
growth for G. marmoratus was 21.86 °C, while for G. bispinosus it was 20.2 °C.

Table 3.1 Results of model selection for G. marmoratus. Models sorted by AICcWt. An estimate
of model fit (‘pseudo R2’) was calculated as 1-(RSS/TSS). *Indicates plausible models (ΔAICc <
6).

Model

K AICc

ΔAICc

ModelLik

AICcWt

R2

Topt

ModifiedGaussian* 5

-5.501

0

1

0.368

0.773

21.497

Gaussian*

4

-5.419

0.082

0.96

0.354

0.757

21.613

Logan10*

6

-3.237

2.264

0.322

0.119

0.775

22.13

Lactin*

5

-2.619

2.882

0.237

0.087

0.756

22.88

Briere2*

5

-2.24

3.261

0.196

0.072

0.754

23.18

Table 3.2 Results of model selection for G. bispinosus. Models sorted by AICcWt. An estimate of
model fit (‘pseudo R2’) was calculated as 1-(RSS/TSS).*Indicates plausible models (ΔAICc < 6).

Model

K AICc

ΔAICc

ModelLik

AICcWt

R2

Topt

ModifiedGaussian* 5

-16.659

0

1

0.676

0.771

20.188

Gaussian*

4

-14.998

1.66

0.436

0.295

0.746

20.226

Briere2

5

-8.378

8.281

0.016

0.011

0.721

20.8

Lactin

5

-8.198

8.461

0.015

0.01

0.719

21.14

Logan10

6

-8.059

8.599

0.014

0.009

0.736

20.34
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Figure 3.1 Comparison of models fitted to temperature-dependent growth data for G. marmoratus.
Dashed vertical lines represent Topt for each model.

Figure 3.2 Comparison of models fitted to temperature-dependent growth data for G. bispinosus.
Dashed vertical lines represent Topt for each model.
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There was a positive relationship between predicted growth rates and the presence of G.
marmoratus (p < 0.001, R2 = 0.46, Figure 3.3a) and G. bispinosus (p < 0.001, R2 = 0.45,
Figure 3.3b). However, the majority of the data for both species falls below the line of
equality indicating that they appear to be absent from areas where their growth rates are
still predicted to be relatively high, based on temperature alone.

Figure 3.3 Normalised growth rate predictions plotted against normalised occurrences for (a) G.
marmoratus and (b) G. bispinosus. Growth and abundance calculated for each species at 40m
elevation intervals between 100-1100m a.s.l. Solid lines are linear regressions; dashed lines
represent a 1:1 relationship between predicted growth and occurrence.

Under current climate, G. marmoratus is predicted to have highest growth rates in
January-February at all three elevations (Figure 3.4), as monthly mean temperatures
during these months are very close to their optimal temperature for growth. In contrast,
our models predict that G. bispinosus will have lower growth during January-February
compared to March at lower elevations due to monthly mean temperatures exceeding
their thermal optimum for growth during those months (Figure 3.4). Trends in predicted
growth rates are very similar for both species throughout the rest of the year, and our
models predict that growth will be very low during winter months under current climate.
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Figure 3.4 Predicted monthly growth rate for G. marmoratus (a-c) and G. bispinosus (d-f) at three
elevations under current (1960-1990) conditions. Growth predicted using all plausible models
weighted by their AICcWt (Table 3.1; Table 3.2).

Our models predict that both species will experience positive and negative changes in
growth rates under future climate scenarios, depending on season (Figure 3.5). Growth
rates for G. marmoratus are predicted to decrease slightly during mid-late summer
(January-February) at lower-mid elevations and predominantly under the highest climate
scenario (RCP8.5). Growth rates for G. marmoratus are predicted to increase during
autumn (March-May) and spring (September-November), but stay relatively similar
during winter months (June-August) even under RCP8.5 (Figure 3.5a,b,c). Growth rates
for G. bispinosus are predicted to decrease considerably during mid-late summer
(January-February) at lower-mid elevations for all climate scenarios, but either increase
or decrease at higher elevations depending on the level of climate change. Growth rates
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are also predicted to decrease during December at the lowest elevation. In contrast growth
rates in December are predicted to increase at elevations where they most commonly
occur under RCP8.5 by 2050 but will decrease by 2070 as temperatures warm above G.
bispinosus’ estimated thermal optimum for growth (Figure 3.5e). Similar to G.
marmoratus growth rates are predicted to increase for G. bispinosus in autumn and spring
but stay relatively similar during winter months (Figure 3.5d,e,f).

Figure 3.5 Predicted change in growth rate (compared to current) for G. marmoratus (a-c) and G.
bispinosus (d-f) under different climate scenarios at different elevations. Changes to mean
monthly temperatures (and therefore predicted growth rates) for ‘2070 RCP2.6’ are almost
identical to those for ‘2050 RCP2.6’ and have therefore been removed for the sake of clarity. The
dotted line corresponding to ‘zero growth’ is based on growth predictions under current climate
(see Figure 3.4).
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3.5 Discussion
Growth rate is a key determinant of fitness in fishes and here we found temperaturedependent growth rate influences current regional distributions of blackfish in a river
network. With respect to future thermal scenarios based on IPCC climate forecasts, our
growth models predict that, when averaged over an entire year, growth rates of G.
marmoratus and G. bispinosus will actually increase. However, this time-averaged
forecast belied more complex and informative seasonal dynamics: While growth rates of
G. marmoratus appear likely to increase under the IPCC climate scenarios tested here,
those of G. bispinosus increase during autumn and spring, but are then offset by
substantial decreases in summer months, during the critical juvenile recruitment period.
These seasonal differences in growth rates will likely impact the distribution and
abundance of these two species under a warming climate.

The impact of climate change on freshwater organisms will likely depend on the
relationship between current thermal conditions and a species thermal optimum (Deutsch
et al. 2008). The temperature-growth models developed here differed for G. marmoratus
and G. bispinosus, with G. marmoratus having a higher thermal optimum than G.
bispinosus. This result is concordant with our expectations based on their distribution
pattern, as G. bispinosus occupy higher elevation streams than G. marmoratus. Differing
thermal sensitivities have been found in a wide range of taxa distributed along elevational
gradients (e.g. Buse et al. 2001, Navas 2006, Randin et al. 2013). Increasing temperatures
due to climate change will increase the number of months exceeding both blackfish
species’ thermal optimum for growth rate (Figure S3.5). However, in all cases, the degree
of warming above the thermal optimum for growth is higher for G. bispinosus than for G.
marmoratus. Consequently, growth rates of G. bispinosus may be reduced by up to 45%
during January-February under RCP8.5 by 2070 at lower-middle elevations. While these
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reductions may be offset by increases in growth rates during other parts of the year, they
occur directly after blackfish breeding season and when young-of-the-year are recruiting
to the juvenile population (October-December; Allen et al. 2002, O'Connor and Zampatti
2006). These reductions in growth during summer may have negative impacts on G.
bispinosus population dynamics across large parts of their current distribution. In contrast,
growth rates of G. marmoratus are likely to experience only a slight negative impact (up
to 14% reduction in growth rates) in the lower-middle region of their distribution, during
this same period. Our results suggest that climate change is likely to be more deleterious
for G. bispinosus than for G. marmoratus.

One of the general predictions of climate change is that species distributions will shift to
higher latitudes and elevations with increases in temperature (Walther et al. 2002, Chen et
al. 2011). Cold water species may suffer range reductions, while warm water species may
expand their range to newly suitable habitats (Buisson et al. 2008b). At elevations where
the distributions of G. marmoratus and G. bispinosus overlap, the strong species-specific
differences in growth rates predicted for the post-spawning and recruitment period may
cause a shift in each species’ range. Accordingly, the upper end of G. marmoratus’ range
may expand at the expense of the lower end of G. bispinosus’ range. Ultimately this may
result in a range reduction for G. bispinosus as their capacity for upstream movement is
limited by natural barriers (i.e. mountains). Similar predictions have been made and
observed for a number of trout species in the US (Hari et al. 2006, Wenger et al. 2011,
Jones et al. 2014). There is evidence that distributional shifts have already occurred for
some species of freshwater fish (Hickling et al. 2006). However, there may be time-lags
between climate-change-induced shifts in temperature regimes and changes in species
distribution patterns (Comte and Grenouillet 2013, Comte and Grenouillet 2015). It may
be particularly difficult for species such as G. marmoratus and G. bispinosus to shift
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distribution in response to changes in temperature regimes, as they are known to move
relatively small distances and have small home ranges (Khan et al. 2004, Koster and
Crook 2007, Broadhurst et al. 2011).

Due to the dendritic structure of freshwater systems, range reductions of purely aquatic
species, such as fish, are also likely to cause population fragmentation (Nakano et al.
1996, Rahel et al. 1996). As species ranges shift to higher elevations, populations may
become separated as unsuitably high temperatures sever downstream connections. This
fragmentation of populations can erode population resilience (Morita and Yokota 2002,
Letcher et al. 2007), and thereby reduce population persistence (Fagan 2002). Due to their
occurrence in higher elevation streams, populations of G. bispinosus are already
somewhat fragmented (Morrongiello et al. 2011). If warming temperatures cause G.
bispinosus to shift to higher elevations this will further fragment populations, which may
reduce their capacity to recover from localised disturbances. This loss of population
resilience will be detrimental under climate change as thermal extremes and drought
become more common (Easterling et al. 2000, Buckley and Huey 2016). Consequently,
the impact of range reductions on G. bispinosus may be exacerbated by population
fragmentation.

Of course, increased temperatures per se will not be the only impact climate change has
on freshwater systems. Climate change will affect the hydrological regimes of rivers, in
addition to its impact thermal regimes. Current patterns of hydrology will be altered by
changes in precipitation, as well as increased demand for water due to human population
growth and a drying climate (Vörösmarty et al. 2000). Changes in hydrology can alter
predictions about how species will be affected by climate change based on temperature
alone (Wenger et al. 2011). Rainfall predictions for south-eastern Australia under climate
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change models suggest an increase in the frequency of both wet and drought years
(Hughes 2003). The interaction between changes in temperature and rainfall have been
suggested to have a greater impact on fish species extirpations under climate change than
temperature alone (Conti et al. 2015). Occurrences of drought conditions may worsen the
impacts of predicted high summer temperatures on blackfish by reducing available habitat
and lowering dissolved oxygen (Stoffels 2015). It follows that our capacity to anticipate
climate-driven threats to riverine biodiversity, and inform decision-making, will benefit
from studies that incorporate the impact of multiple stressors on the fitness of blackfish
(Ormerod et al. 2010).

While our predictions suggest climate change will cause strong reductions in blackfish
growth rates over summer months, particularly for G. bispinosus, we acknowledge that
our methods have necessarily made several assumptions. We have had to simplify the
thermal regimes experienced by blackfish species as there are no comprehensive data on
stream thermal regimes for large parts of their distribution. This problem is not restricted
to our study region, and predictions of the effects of climate change on freshwater
organisms will be improved by accurate characterisations of thermal environments at
temporal and spatial scales relevant to freshwater organisms (Angilletta and Sears 2011).
Our predictions also rely on the current relationship between mean monthly air
temperature and stream temperature remaining the same under altered climates, which
may not necessarily be true. The aforementioned changes in hydrology may affect this
relationship. Predictions of blackfish growth rate could also be altered by incorporating
the relative contribution of groundwater and run-off input on stream flow, as this can
influence temperature regimes (Middaugh et al. 2016). Additionally, we measured
blackfish growth rates under static temperature regimes, rather than diurnally fluctuating
temperatures experienced by freshwater organisms in real systems (Kingsolver et al.
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2015, Kingsolver and Woods 2016). Diurnally fluctuating temperatures have been shown
to affect ectotherm growth, with the effect dependent on mean temperature (Kingsolver et
al. 2015). While not considered here, it should be noted that temperature-dependent
growth rate can also vary between populations and life-history stages (Sinclair et al.
2016). Therefore, we suggest that further work would benefit from characterising thermal
regimes at spatial and temporal scales experienced at the organismal level as well as
understanding how growth is affected by fluctuating thermal regimes, which may become
even more variable under climate change.

In conclusion, despite warming temperatures under climate change potentially increasing
growth rates for G. marmoratus and G. bispinosus during certain times of the year, there
will be strong negative effects on growth rates during summer, an important period for
blackfish breeding and recruitment. The worst of these negative impacts are predicted to
occur at the lower-middle regions of each species current distribution, suggesting that
both species could undergo a range shift to higher elevations. Growth rates of the highelevation species, G. bispinosus, will be more negatively affected than those of G.
marmoratus at lower elevations, likely leading to a contraction in G. bispinosus’ range.
This study highlights the importance of including seasonal variation in predictions of
climate change impacts on freshwater organisms.
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3.8 Supplementary material

3.8.1 Growth models
Gaussian (Angilletta 2006):
𝜇(𝑇) = 𝜇𝑚𝑎𝑥 exp[−0.5(

|𝑇 − 𝑇𝑜𝑝𝑡 | 2
) ]
𝜎

𝜇𝑚𝑎𝑥 = maximal growth at optimal temperature
𝑇𝑜𝑝𝑡 = thermal optimum
𝜎 = related to full curve width at 𝜇𝑚𝑎𝑥1/2
Modified Gaussian (Angilletta 2006):
𝜇(𝑇) = 𝜇𝑚𝑎𝑥 exp[−0.5(

|𝑇 − 𝑇𝑜𝑝𝑡 | 𝑑
) ]
𝜎

Lactin (Krenek et al. 2011):
𝜇(𝑇) = exp(𝜌𝑇) − exp (𝜌𝑇𝑚𝑎𝑥 −

𝑇𝑚𝑎𝑥 − 𝑇
)+𝜆
∆𝑇

𝜌 = constant influencing 𝜇𝑚𝑎𝑥 and the slope of the low-temperature branch
∆𝑇 = defines the temperature range of thermal inhibition thermal optimum
𝑇𝑚𝑎𝑥 = critical maximum temperature

Logan-10 (Logan et al. 1976, Krenek et al. 2011):
𝜇(𝑇) = α[1 + 𝑘exp(−𝜌𝑇)]−1 − exp (−

𝑇𝑚𝑎𝑥 − 𝑇
)
∆𝑇

Parameters 𝜌, ∆𝑇, and 𝑇𝑚𝑎𝑥 as above. α and 𝑘 are empirical constants

Briere2 (Briere et al. 1999):
𝜇(𝑇) = 𝑎𝑇(𝑇 − 𝑇0 )(𝑇𝐿 − 𝑇)

1⁄
𝑚

𝑇0 = lower threshold; 𝑇𝐿 = upper threshold; 𝑎 and 𝑚 are empirical constants
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3.8.2 Relationship between air temperature and water temperature
To determine the relationship between monthly mean air temperature and monthly mean
water temperature across our study area we used data from 14 sites across a wide range of
elevations (100-1650m a.s.l.) (Figure S3.1). Water temperature data for 13 sites was
obtained from the State of Victoria Water Measurement Information System
(http://data.water.vic.gov.au/monitoring.htm - accessed 16-09-2016) and the NSW Office
of Water (http://realtimedata.water.nsw.gov.au/water.stm - accessed 16-09-2016). Data
for the highest elevation site was obtained from P. Suter. Air temperature data was
obtained from Bureau of Meteorology (http://www.bom.gov.au/climate/data/ - accessed
16-09-2016). The number of monthly data points available varied considerably by site
(25-257 months) with an average of 132 months (±17 S.E.). The average distance
between stream temperature and air temperature locations was 11.6km (±2.3km S.E.).

While the relationship between air and water temperature has often been modelled as a
linear relationship, this is only true at moderate air temperatures (0-20°C), with the
relationship levelling out at both high and low temperatures resembling an S-shaped
function (Mohseni and Stefan 1999). Therefore we used the following non-linear model
for determining stream temperature (𝑇𝑤 ) from air temperature (𝑇𝑎 ) (Mohseni et al. 1998):
𝑇𝑤 = 𝜇 +

𝛼−𝜇
1 + 𝑒 𝛾(𝛽−𝑇𝑎)

where 𝜇 and 𝛼 are the estimated minimum and maximum stream temperature
respectively, 𝛾 is the steepest slope of function, and 𝛽 is the air temperature at the
inflection point. This non-linear model fit data for each site quite well with an average
root-mean-square error of 0.9ºC (Figure S3.2). We non-linear mixed effects modelling to
determine a global model to use for the entire region (Figure S3.3; Table S3.1).
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Table S3.1 Global and site-specific parameter estimates for the relationship between monthly
mean air temperature and mean monthly mean stream temperature.

𝜇

𝛼

𝛾

𝛽

Global Model

-3.832

29.846

0.129

12.514

16

-1.936

29.267

0.115

14.815

15

-1.820

27.535

0.123

13.921

14

-2.280

30.352

0.113

14.997

13

-4.549

33.675

0.135

13.914

3

-3.871

24.638

0.139

9.220

8

-5.299

30.540

0.140

10.888

6

-4.529

28.051

0.132

10.397

1

-4.122

28.200

0.137

11.093

2

-3.560

28.095

0.130

11.806

10

-4.734

29.031

0.139

10.745

4

-2.952

34.871

0.118

16.894

7

-4.730

29.901

0.134

11.282

9

-4.418

31.071

0.124

12.427

11

-4.843

32.616

0.127

12.802
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Figure S3.1 Location of stream temperature data sites used for stream-air temperature
relationship. Elevation range of sites 100-1650 m a.s.l. Map of Australia shows location of study
area.
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Figure S3.2 Nonlinear least squares regression for monthly mean air and water temperature at 14
sites throughout the Upper Murray, Kiewa, Ovens, Broken and Goulburn catchments.
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Figure S3.3 Nonlinear mixed effects model of the relationship between mean monthly air
temperature and mean monthly stream temperature showing global (black) and site-specific
models (blue).
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3.8.3 Elevation bands corresponding to blackfish occurrences

Figure S3.4 Density plot of (a) G. marmoratus (n=609), and (b) G. bispinosus (n=667)
occurrences. Solid areas are the quartiles (Q1, IQR, and Q3) for G. marmoratus (red) and G.
bispinosus (blue) and are the elevations used to predict growth rates under current and future
climate scenarios.
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3.8.4 Monthly stream temperatures

Figure S3.5 Monthly mean stream temperatures throughout the range of G. marmoratus (a-c) and
G. bispinosus (d-f) under climate change scenarios. Changes to mean monthly temperatures for
‘2070 RCP2.6’ are almost identical to those for ‘2050 RCP2.6’ and have therefore been removed
for the sake of clarity.
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Chapter 4: Increased thermal extremes may reduce the range of a
warm-adapted riverine fish more than that of a cold-adapted fish

4.1 Abstract
Climate change is predicted to increase not just mean global temperatures but also the
frequency of extreme temperature events. Accordingly, understanding which species are
most at risk from extreme temperatures is an important challenge facing ecologists.
Determining how close an organism’s thermal tolerances are to current extreme
temperature conditions, particularly warm extremes, is a useful way for defining an
organism’s vulnerability to climate change. Here we studied the thermal limits of two
congeneric riverine fish distributed along an elevational gradient; Gadopsis marmoratus
and G. bispinosus. Since G. marmoratus occupy warmer temperature environments than
G. bispinosus, we aimed to determine whether this was reflected in their thermal
tolerances and if so, determine which species is most at risk from climate change. Lower
thermal limits were indistinguishable between the two species, with both species
tolerating the coldest temperatures tested (i.e. 2 °C). However, there were clear
differences in the upper thermal limits between the two species based on a break in
metabolic rates, with G. bispinosus’ breakpoint (31.63 °C) consistently occurring at lower
temperatures than G. marmoratus’ breakpoint (32.44 °C). Despite this, mapping of
extreme temperatures across their distribution suggests G. marmoratus may be living
closer to their thermal limits and be at greater risk due to climate change than G.
bispinosus. These results highlight the importance of understanding the physiological
limitations of species as well as the range of environmental temperatures experienced
across their distributions when predicting the impacts of climate change.
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4.2 Introduction
Understanding how climate change will impact the world's biota is one of the most
important challenges facing biologists this century (Thomas et al. 2004, Pereira et al.
2010, Bellard et al. 2012). Many predictions about the impact of climate change on
organisms are made based on changes in mean temperatures (Schulte et al. 2011, Garcia
et al. 2014, Buckley and Huey 2016). However, such predictions are unlikely to be
accurate if thermal extremes are a driving factor shaping species distributions (Jentsch
and Beierkuhnlein 2008, Gerick et al. 2014). While increases in mean temperatures may
increase fitness for some species (Deutsch et al. 2008), the accompanying increase in
extreme warm temperatures may have severe impacts on individuals and populations
(Parmesan et al. 2000, Kingsolver et al. 2011, Smith 2011, Kingsolver et al. 2013).
Although extreme temperature events are rare occurrences, they exert strong selective
pressure on the thermal performance of species (Huey and Kingsolver 1989, Huey and
Kingsolver 1993) and can alter species ranges (Wethey et al. 2011). Consequently, there
is a growing understanding of the need to study the impacts of extreme temperatures on
organisms (Kingsolver et al. 2011, Smith 2011).

Thermal extremes can be defined either with or without explicit reference to biological
response (Bailey and van de Pol 2016). Without considering biological response, thermal
extremes may be considered temperatures that exceed thresholds in either the left (cold)
or right (warm) tails of some distribution of temperatures (e.g. daily means). From this
perspective, the occurrence of thermal extremes has already increased (Easterling et al.
2000, Schär et al. 2004, IPCC 2013, Buckley and Huey 2016), and is predicted to increase
further due to changes in both climatic mean and climatic variability (Schär et al. 2004).
However, organisms have evolved different thermal tolerances (Huey and Kingsolver
1993, Angilletta et al. 2002, Pörtner 2002); thus temperatures that are considered extreme
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for one organism may not be for another. Therefore, an alternative approach to defining
thermal extremes is to use a biological definition, where a temperature is only considered
extreme if it causes a particular biological response in an organism, irrespective of the
rarity of that temperature (Bailey and van de Pol 2016). While this requires an
understanding of species’ physiological limitations, it allows tailored predictions of
climate change impacts on specific species, and identification of species most at risk
(Williams et al. 2008, Huey et al. 2012). Unfortunately, the impact of thermal extremes is
likely to be species-specific and difficult to predict (Buckley and Huey 2016). Even small
increases in temperature can dramatically increase the frequency of extreme temperatures
if an organism’s thermal tolerance is close to current maximum temperature conditions
(Deutsch et al. 2008, Kingsolver et al. 2013). Therefore, knowledge of thermal tolerances
will help improve predictions of climate change impacts (Williams et al. 2008).

While freshwater systems cover less than 1 % of the Earth’s surface, they contain
approximately 6 % of the world’s species (Dudgeon et al. 2006). Troublingly,
biodiversity in freshwater systems is decreasing faster than terrestrial and marine systems
(Loh 2000, Jenkins 2003). The impact of climate change is likely to be exacerbated in
freshwater species because, in addition to thermal stress, there are numerous non-thermal
stressors affecting freshwater systems such as flow modification, habitat degradation, and
water pollution (Dudgeon et al. 2006). Additionally, the dendritic nature of riverine
systems, which constrains dispersal pathways (Campbell Grant et al. 2007, Heino et al.
2009), may erode the resilience of aquatic animals to thermal extremes. A better
understanding of the thermal tolerances of riverine organisms, and how thermal change
will increase the incidence of temperatures exceeding those tolerances, is necessary for
the effective management of riverine systems.
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We investigated the thermal tolerances and potential effects of climate change on two
species of riverine fish, Gadopsis marmoratus (J. Richardson, 1848) and G. bispinosus
(Sanger, 1984). These two species inhabit mid-upland streams of the Murray-Darling
Basin, Australia, and have a disjunct distribution along elevational gradients, where G.
bispinosus occupy, on average, higher elevation streams than G. marmoratus. A previous
study that constructed species distribution models for Australian freshwater fishes
predicted that both Gadopsis species will suffer strong range contractions as a result of
climate change (Bond et al. 2011). Another study that predicted climate change
vulnerability based on traits associated with drought vulnerability suggested that G.
bispinosus will be more negatively affected than G. marmoratus, where differences in the
thermal ecology of the two species were one of the traits separating the two species
(Chessman 2013). However, we still know relatively little about the thermal ecology of
these two species, including their ability to handle extreme temperatures.

We determined upper thermal limits (UTL) and lower thermal limits (LTL) of G.
marmoratus and G. bispinosus and predicted the occurrence of extreme temperatures (i.e.
temperatures exceeding thermal limits) across their distribution. Based on their
distribution, we hypothesised that G. marmoratus would have both a higher UTL and
LTL than G. bispinosus. Consequently, we also hypothesised that G. bispinosus would be
more negatively affected by rising air temperatures due to a lower UTL.

4.3 Materials and methods
4.3.1 Fish collection and accommodation
A total of 12 G. marmoratus (51.04 ± 3.69 g) and 13 G. bispinosus: (54.81 ± 4.71 g) were
collected from Tallangatta Creek and transported back to the Murray-Darling Freshwater
Research Centre (MDFRC). Fish were housed individually in aquaria (400 mm length ×
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500 mm width × 400 mm depth) with sump filtration to maintain high water quality.
Aquaria were situated in a controlled-temperature laboratory at the MDFRC and were
exposed to a 12:12 photoperiod. Fish were fed three times a week on a diet of frozen
bloodworms. Fish were acclimated to test temperatures (10 and 26°C) for a minimum of
one week before use in experiments. Fish were fasted for 48 hrs before experiments to
remove any effect of digestion on metabolic rates.

4.3.2 Upper and lower thermal limits
To determine the upper (UTL) and lower thermal limits (LTL) of both species, we used
computerised, intermittent-flow respirometry to measure the response of standard
metabolic rate to changing temperature. We were interested in the temperature at which
fish either lost equilibrium or a breakpoint in metabolic rates was detected. We expected
to see a breakpoint (i.e. sharp discontinuity) in an Arrhenius plot of the natural logarithm
of metabolic rate plotted against inverse temperature. These breakpoints have often been
determined at lower levels of organisation such as heart rate and mitochondrial respiration
(Weinstein and Somero 1998, Pörtner et al. 1999, Somero 2002). However, whole
organism metabolic breakpoints are likely to capture the influence of multiple
physiological processes on setting thermal tolerance (Pörtner 2002, Somero 2005). While
we expected to observe a breakpoint in metabolic rates at UTLs, we were unsure whether
such a breakpoint would occur at LTLs. However, as we were testing for loss of
equilibrium anyway, we were able to concurrently obtain metabolic rate estimates to try
to identify such a breakpoint if one existed. Fish used in UTL trials were acclimated to 26
ºC, while fish used in LTL trials were acclimated to 10 ºC. These two temperatures
approximately equate to the two peaks in temperature frequency histograms for sites at
intermediate elevations where blackfish occur.
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Fish were placed in static respirometers the day before a trial began to allow fish to adjust
to the chamber and overcome any handling stress. For both UTL and LTL trials, the
temperature was changed at a rate of one degree every six hours. Rate of temperature
change and oxygen consumption measurements were controlled by AutoRespTM (Loligo
Systems, www.loligosystems.com). For UTL trials, O2-consumption measurements were
made every 9 minutes (comprising flush, wait and measurement) for the temperature
range 26-30 ºC and then every 4.5 minutes after reaching 30 ºC to obtain data of higher
resolution for detection of breakpoints in metabolic rate. For LTL trials, O2-consumption
measurements were made every 15 minutes for the entire experiment. These longer
measurement loops were required to achieve reliable estimates of oxygen consumption
rate (as determined by the R2 of oxygen-depletion lines during measurement loops) given
the low oxygen consumption at low temperatures. The range of flush, wait, and
measurement times used across all UTL trials: 9 minutes - F: 270-320 s, W: 60 s, M: 160210 s; 4.5 minutes - F: 130-160 s, W: 20-30 s, M: 80-110 s. The range of flush, wait, and
measurement times used across all LTL trials: F: 90-180 s, W: 120-150 s, M: 600-660 s.
For UTL trials, a sudden drop in metabolic rate was observed following a peak in oxygen
consumption. Once this breakpoint was detected the trial was stopped, the temperature
was dropped rapidly by 2-3 ºC and then slowly back down to 26 ºC (1 °C every 4 hours)
to avoid temperature shock. For LTL trials, the temperature was decreased until 2 ºC (it
was not possible to decrease the temperature in the respirometry tank below 2 ºC), and
then held there for up to 6 hours or until the fish lost equilibrium, whichever came first.

Mass-specific oxygen consumption rate, 𝑀̇𝑂2 (mg O2 kg-1 h-1), was calculated as 𝑀̇𝑂2 =
−𝑠𝑙𝑜𝑝𝑒𝑉𝑟𝑒𝑠𝑝 𝛼𝑀𝑓 −1 , where 𝑠𝑙𝑜𝑝𝑒 is the rate of change in oxygen tension (kPa h-1) due to
fish respiration, 𝑉𝑟𝑒𝑠𝑝 is the volume of the respirometer (L; minus the volume of the fish),
α is the solubility of oxygen in the water at a known temperature and salinity (mg O2 L-1
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kPa-1) and 𝑀𝑓 is the mass of the fish (kg). To correct slope estimates for any background
respiration, two blank chambers were run alongside each trial. The slopes of the two
blank chambers were averaged, and then a 3-point moving average for the background
slope was subtracted from the slope of each 𝑀̇𝑂2 estimate obtained from the chamber
containing the fish. This adjusted slope was then used to calculate 𝑀̇𝑂2 . Body mass affects
metabolic rate, so we standardised 𝑀̇𝑂2 to a mass of 50 g, which is approximately the
average mass of all fish tested, using: 𝑀̇𝑂2 𝑎 = 𝑀̇𝑂2 𝑜 (𝑀𝑎 /𝑀𝑜 )𝛽 , where 𝑀̇𝑂2𝑎 is the massstandardized estimate, 𝑀̇𝑂2𝑜 is the original estimate, 𝑀𝑎 is the standardized mass of the
fish in kg (in this case 0.05 kg), 𝑀𝑜 is the original mass of the fish in kg, and 𝛽 is the
mass-specific metabolic scaling coefficient (-0.247; Downs et al. 2008, Dwyer et al.
2014).

4.3.3 Statistical analysis
For all UTL trials, there was a clear breakpoint in metabolic rate at high temperatures. To
determine the temperature at which this breakpoint occurred we used segmented linear
regression on log-transformed 𝑀̇𝑂2 and inverse temperature data from the last 50
measurement loops using the ‘segmented’ package in R (Muggeo 2008, R Core Team
2015)(Figure S4.1; Figure S4.2). Segmented regression also enabled the testing of
species-specific differences in metabolic breakpoints (i.e. upper thermal limits). There
was no obvious breakpoint in metabolic rates for the LTL trials.

While daily minimum stream temperatures within blackfish distribution do reach 2 ºC,
there were no detectable differences in the cold tolerance of G. marmoratus and G.
bispinosus. In light of this result, and given much of the motivation for this study came
from management concerns around the increasing frequency of warm-water events, our
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predictive modelling focused on the interactions between warming water and the UTLs of
each species.

4.3.4 Effect of increasing air temperatures
To determine how each species’ UTL relates to current and future stream temperatures
across their distribution we calculated the number of days that temperatures would exceed
each species’ UTL for 2870 individual stream segments within 5 catchments of the
Murray-Darling Basin. Both blackfish species occur in all of the 5 catchments used
(Upper Murray, Kiewa, Ovens, Broken, and Goulburn). We used a stream network that
contained 2870 stream segments within those five catchments, with an average length of
3.42 km (modified from http://hydrosheds.cr.usgs.gov/hydro.php). There is a lack of
detailed stream temperature data for most of these stream segments, so we used daily
maximum air temperatures to calculate daily maximum segment temperatures. An
inherent assumption of this approach is that the thermal environment is homogenous
within each segment. We obtained daily maximum temperature data from ANU
(Australian National University) climate models, which interpolate data from Bureau of
Meteorology monitoring stations across Australia (Hutchinson et al. 2014). To determine
the relationship between daily maximum air temperature and daily maximum stream
temperature, we used long-term water temperature data from 13 sites throughout the 5
catchments. Data were obtained from the State of Victoria Water Measurement
Information System (http://data.water.vic.gov.au/monitoring.htm - accessed 01-11-2016)
and the NSW Office of Water (http://realtimedata.water.nsw.gov.au/water.stm - accessed
01-11-2016). Daily maximum air temperatures corresponding to each of the 13 sites were
extracted from the ANU climate models. Maximum daily stream temperature was
modelled using a linear model of 3-day running average of maximum daily air
temperature. Linear models provide a good fit of the relationship between air and water
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temperature at a daily time scale (Stefan and Preud'Homme 1993). We found the fit of
this relationship was improved by incorporating a 3-day running average of air
temperature. Average RMSE for the 13 sites using a linear regression of 3-day running
average was 2.09 °C (Figure S4.3). We used linear mixed effects modelling (with site as a
random factor) and the resulting global model to calculate daily maximum stream
temperatures for all 2870 streams segments within the five catchments for the current
period (2001-2010) (Figure S4.4). To predict the potential effect of climate change, we
added 1, 2 and 4 °C to air temperatures for the current period. These scenarios are well
within the ranges of temperature increase predicted by the various RCP pathways adopted
by the IPCC AR 5 (IPCC 2013).

To map the occurrence of extreme temperatures (those above each species UTL), current
and future air temperatures associated with all stream segments were extracted from the
ANU climate data and converted to stream temperatures using the results of the linear
mixed effects model. The average number of days per year above each species UTL was
calculated for the period 2001-2010. In addition, the difference between thermal limits
and habitat temperatures was quantified for each species as a whole by calculating their
warming tolerance (WT). Warming tolerance was calculated as the difference between
each species UTL and the average daily maximum temperature during summer (Dec-Feb)
for streams segments where the respective species has occurrence records (sensu
Diamond et al. 2012). Occurrence records for both species were obtained from the
‘Victorian Biodiversity Atlas’, © The State of Victoria, Department of Environment and
Primary Industries (published July 2016). Records from before 1990 were removed to
avoid any potential problems arising from misidentifications, as G. bispinosus was only
described in 1984 (Sanger 1984). Records were then restricted to the 5 catchments
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mentioned above and associated with the nearest stream segments using ArcMap 10.2.2
(ESRI 2011).

4.4 Results
4.4.1 Upper and lower thermal limits
No apparent breakpoint in metabolic rate was observed for the lower thermal limit (LTL)
trials (Figure 4.1). All fish exposed to the cooling protocol survived at 2 °C for 6 hours
without losing equilibrium. Stream temperatures below 2 °C are uncommon throughout
the distribution of both species (an average of <0.05% of the time in all the 13 sites
examined here). All fish in the heating protocol had a clear breakpoint in metabolic rate
without losing equilibrium (Figure 4.2). Segmented regression on metabolic rates
revealed a significant difference between the breakpoint for the two species (p < 0.001).
The mean (± SE) breakpoint was 32.44 °C (± 0.08) for G. marmoratus and 31.63 °C (±
0.11) for G. bispinosus (Figure 4.2a). While stream temperatures exceeding these upper
thermal limits are also currently uncommon throughout the distribution of both species,
they are expected to increase in frequency due to climate change.

Figure 4.1 (a) Example mass-standardised MO2 for G. marmoratus, (b) example massstandardised MO2 for G. bispinosus. Trials began at 10 °C and decreased at a rate of 1°C every
six hours until reaching 2 °C, when temperature was held for six hours.
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Figure 4.2 (a) Mean (± SE) whole-organism metabolic rate breakpoint temperature for G.
marmoratus (32.44 °C ± 0.08) and G. bispinosus (31.63 °C ± 0.11), (b) example massstandardised MO2 for G. marmoratus, (c) example mass-standardised MO2 for G. bispinosus.
Trials began at 26 °C and increased at a rate of 1°C every six hours until fish lost equilibrium or a
breakpoint in metabolic rate was detected.

4.4.2 Effect of increasing air temperatures
Under current conditions (2001-2010) our model predicts that the average number of
occurrences of an extreme temperature event exceeding G. marmoratus’ UTL is less than
once a year for all but 32 of the 2870 stream segments used in our analysis (Figure 4.3a).
This represents less than 1% of stream segments currently occupied by G. marmoratus
(Table 4.1). For G. bispinosus the average number of occurrences of an extreme
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temperature event exceeding their UTL is less than once a year for all but 445 of the 2870
stream segments used in our analysis (Figure 4.4a), however none these stream segments
are known to contain G. bispinosus (Table 4.1). Unsurprisingly, we predict that increases
in air temperatures of 1, 2 and 4 °C result in an increase in the number of stream segments
where temperatures will exceed each species’ UTL at least once a year (Figure 4.3, Figure
4.4). While more stream segments will exceed G. bispinosus’ UTL than G. marmoratus’,
most are at lower elevations outside of G. bispinosus’ current distribution (Figure 4.3;
Figure 4.4; Figure 4.5). Therefore, the percentage of stream segments predicted to have
temperatures exceeding each species UTL is much higher for G. marmoratus than for G.
bispinosus (Table 4.1). For example, up to 84% of stream segments currently occupied by
G. marmoratus may experience more than one day a year where temperatures exceed
their UTL under 4 °C warming from current conditions.

Table 4.1 Percent of current stream segment occupancy where water temperatures are predicted to
exceed each species upper thermal limit (G. marmoratus: 32.44 °C; G. bispinosus: 31.63 °C) at
least one day per year. Number of stream segments occupied by each species G. marmoratus =
364, G. bispinosus = 554.

G. marmoratus

G. bispinosus

Current (2001-2010)

0.27

0

Current plus 1 °C

18.68

5.23

Current plus 2 °C

51.65

23.83

Current plus 4 °C

83.79

63.36
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Figure 4.3 Map of streams in five catchments of the south-eastern Murray-Darling Basin,
Australia. Colours represent average number of days per year where daily maximum temperature
is predicted to exceed the upper thermal limit of G. marmoratus (32.44 °C). Stream temperatures
predicted from (a) current daily maximum air temperatures, (b) current daily maximum air
temperatures plus 1 °C, (c) current daily maximum air temperatures plus 2 °C, and (d) current
daily maximum air temperatures plus 4 °C. Shaded red areas represent estimated current
distribution of G. marmoratus.
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Figure 4.4 Map of streams in five catchments of the south-eastern Murray-Darling Basin,
Australia. Colours represent average number of days per year where daily maximum temperature
is predicted to exceed the upper thermal limit of G. bispinosus (31.63 °C). Stream temperatures
predicted from (a) current daily maximum air temperatures, (b) current daily maximum air
temperatures plus 1 °C, (c) current daily maximum air temperatures plus 2 °C, and (d) current
daily maximum air temperatures plus 4 °C. Shaded blue areas represent estimated current
distribution of G. bispinosus.
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Figure 4.5 Average number of days per year where stream temperatures are predicted to exceed
the upper thermal limits of G. marmoratus (red) and G. bispinosus (blue) under a) current air
temperatures, b) 1 degree air temperature warming, c) 2 degrees air temperature warming, and d)
4 degrees air temperature warming. Dotted lines represent the interquartile range (IQR) of the
current occurrences for each species as a function of elevation.

The warming tolerance of both species decreases with warming temperatures as the
average daily maximum temperature during summer approaches their UTLs. Despite a
higher UTL the warming tolerance of G. marmoratus is lower than the warming tolerance
of G. bispinosus due to higher temperatures occuring in the lower elevation streams
occupied by G. marmoratus (Table 4.2). This explains why a higher proportion of G.
marmoratus occupied streams are predicted to exceed their UTL, than for G. bispinosus
(Table 4.1).
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Table 4.2 Warming tolerance (WT) of G. marmoratus and G. bispinosus under current (20012010) temperature conditions and warming scenarios of + 1, 2, and 4 °C. WT was calculated as
the difference between each species upper thermal limit (UTL) and the average summer daily
maximum temperature (Tsummer) for all stream segments occupied by each species.

G. marmoratus

G. bispinosus

Current (2001-2010)

9.791059

10.40185

Current plus 1 °C

8.987248

9.598042

Current plus 2 °C

8.183437

8.794231

Current plus 4 °C

6.575816

7.18661

4.5 Discussion
Climate change is predicted to increase global temperatures by 1-3.7 °C over the next
century (IPCC 2013). While much of climate change biology has been concerned with
changes in mean temperatures, increases in the occurrence of extreme temperatures are
likely to have significant impacts on distributions (Kingsolver et al. 2013). Here we show
how warming temperatures will substantially increase the frequency of stream
temperatures exceeding the upper thermal limits (UTLs) of two freshwater fish species
distributed along an elevational gradient. Interestingly, we predict a greater range
contraction in the species with the higher UTL due to the observation that temperatures in
stream segments currently occupied by G. marmoratus, lower in the catchments, are
closer to their upper thermal limits than they are in those occupied by G. bispinosus.

We were unable to determine any differences in the lower thermal limits (LTLs) of G.
marmoratus and G. bispinosus, as both species were able to tolerate 2 °C for at least six
hours. We expected G. bispinosus to have a lower LTL than G. marmoratus due to their
current distribution at comparatively higher altitudes. Our result of no significant
difference in cold tolerance, together with the prediction that cold extremes are forecast to
become less frequent (Easterling et al. 2000), suggest that extreme cold events have little
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influence on current distribution patterns, and will also have little influence on the
distributions of these fishes in future climates. In contrast to LTLs, we found a difference
of ~0.8 °C in the UTLs of G. marmoratus and G. bispinosus, with the metabolic rate
breakpoint occurring at lower temperatures for G. bispinosus than for G. marmoratus.
This difference in UTLs matches our expectations based on the distribution of the two
species, as G. marmoratus inhabits lower elevation (and thus warmer) streams than G.
bispinosus. Similar trends in UTLs have been found in terrestrial ectotherms along
elevational gradients (Sunday et al. 2014), as well as in marine ectotherms inhabiting
other environmental temperature gradients (Somero 2002). Both species UTLs are
reached in streams across the five catchments examined here during warm summers, and
climate change will increase the frequency of occurrence of temperatures above their
UTLs.

Although G. bispinosus has a lower UTL than G. marmoratus, climate change may have a
larger impact on G. marmoratus than G. bispinosus, due to a lower warming tolerance.
Our air-water temperature model predicts that the average daily maximum temperature
during summer in streams occupied by G. marmoratus is ~0.6 °C closer to their UTL than
it is for G. bispinosus. This result conflicts with earlier work that suggested that G.
bispinosus would be more vulnerable to the effects of climate change based on traits
associated with drought vulnerability (Chessman 2013). However, it does align with the
results found by Bond et al. (2011), who used species distribution modelling and
predicted larger range reductions for G. marmoratus than G. bispinosus. Studies on other
ectotherms along both intertidal thermal gradients (Stillman and Somero 2000, Somero
2010) and latitudinal thermal gradients (Deutsch et al. 2008, Tewksbury et al. 2008) have
also suggested that species with higher thermal tolerances may be living closer to their
thermal limits and thus at greater risk from climate change. Additionally, warm-adapted
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species may have less potential to increase thermal tolerances through acclimation, thus
compounding their vulnerability to climate change (Somero 2005). If this is the case for
G. marmoratus then they may be at even greater risk as climate change proceeds. Clearly,
we require a better understanding of the potential for acclimation of thermal limits in
freshwater organisms.

Depending on the level of climate warming experienced over the next century, large areas
of G. marmoratus’ current distribution may become unsuitable due to the increase in
extreme temperatures during the summer period. Even an increase in air temperatures of 1
°C may expose almost 20% of G. marmoratus occupied streams to temperatures over
their UTL at least one day per year. While our models predict a comparatively less severe
effect of warming air temperatures on G. bispinosus due to their higher warming
tolerance, they are still likely to suffer under climate change, particularly under scenarios
where air temperatures rise by 2 °C or more. Global temperatures predicted to rise
between 1-3.7 °C by 2081-2100 due to climate change (IPCC 2013). Therefore, both
species may be at risk of range contractions unless they can avoid the negative effects of
increased maximum temperatures by behaviourally avoiding thermally stressful
microhabitats (Breau et al. 2011), shifting distribution to higher elevations (Parmesan and
Yohe 2003, Chen et al. 2011), or by adapting to tolerate higher temperatures (Somero
2010). .

Freshwater streams show a trend of increasing temperatures along a downstream gradient
at large spatial scales, however there is substantial thermal heterogeneity within streams
at smaller spatial scales due to the influence of groundwater inputs, tributary inputs,
physical habitat structure, and shading (Ebersole et al. 2003a, Johnson 2004, Breau et al.
2011, Dugdale et al. 2013). Therefore, blackfish may be able to avoid extreme
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temperature events by utilising cooler microhabitats as thermal refuges. Trout species
have been found to inhabit cold water patches during high temperature events (Nielsen et
al. 1994, Ebersole et al. 2001), and their abundance is positively related to cold water
patch frequency and size (Ebersole et al. 2003b). While there have been studies on the
habitat preferences of G. marmoratus and G. bispinosus (Curmi 1996), they have not
consider instream thermal heterogeneity. We require more knowledge of the thermal
environment as it is experienced (both spatially and temporally) by freshwater organisms
(Angilletta and Sears 2011).

Climate change is predicted to cause species distributions to shift to higher elevations
(Walther et al. 2002, Parmesan and Yohe 2003). Blackfish may be able to avoid the
impacts of increasing occurrence of thermal extremes by shifting upstream. However, the
dendritic structure of the riverine networks limits dispersal pathways and may make it
difficult for fish species to avoid rising temperatures (Campbell Grant et al. 2007). In
riverine environments it is particularly difficult for fish to move between streams, such as
headwater segments of different catchments. Such segments may be close geographically,
but require long within-stream distances that may not have suitable thermal environments.
Natural (e.g. mountain ranges) and man-made (e.g. dams) barriers will also obstruct
purely aquatic freshwater species’ shift to higher elevations. Additionally, the rate of
climate warming may outstrip the ability of some fish to shift to elevations (Comte and
Grenouillet 2013, Comte and Grenouillet 2015). If G. marmoratus populations respond to
warming temperatures by shifting to higher elevations then this will likely increase
competition with G. bispinosus populations as well, potentially forcing them further
upstream. Furthermore, range contractions or range shifts for either blackfish species may
lead to population fragmentation, due to unsuitable downstream habitat that experiences
high thermal extremes (Nakano et al. 1996, Rahel et al. 1996).
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Another way organisms can avoid the increased thermal stress due to rising temperatures
is through adaptation, by evolving higher thermal tolerances (Somero 2010). If blackfish
can adapt to higher extremes they may not need to shift to higher elevations, however
some stream biota may have limited potential to evolve higher thermal tolerances
(Beacham and Withler 1991, Crozier et al. 2008). Contrasting results have been found
about whether species with higher or lower UTLs are more constrained in their ability to
adapt higher UTLs (Stillman 2003, Calosi et al. 2008). The acclimatory capacity of the
upper thermal limits of blackfish is unknown, and thus their potential to adapt to a
warming climate. For terrestrial ectotherms at least, adaptation of higher UTLs may
require significant molecular changes (Hoffmann et al. 2013). For the common killifish, a
marine species, differences in the expression of heat shock proteins has been associated
with higher thermal tolerance (Fangue et al. 2006). Predictions of the effect of climate
change on G. marmoratus and G. bispinosus would be strengthened by an increased
understanding of the acclimatory and adaptive capacity of their thermal tolerances.
Ultimately, the response of blackfish to warming temperatures will depend on a
combination of factors including the degree and rate of warming experienced, their ability
to track or adapt to changes, and the success of management interventions aimed at
reducing thermal stress.

While our results predict severe consequences for blackfish under climate change, there
are a number of assumptions in our methods that influence our results and that further
study could improve. Our linear model relating maximum air temperatures to maximum
stream temperatures is relatively simplistic, and we assume that the relationship
developed using current temperature data will hold under warmer air temperatures. The
lack of long term temperature time-series over large geographical areas is common for
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freshwater systems (Isaak and Rieman 2013), and needs to be improved to enhance our
ability to make accurate predictions about the effect of climate change on freshwater
biota. We also adopted a relatively simplistic picture of future climate warming by
increasing air temperatures from current conditions by constant values. This preserves the
climate variability at a high resolution based on observed data, however it assumes that
this variation will not change in the future due to climate change, which may not be the
case. As climate models improve, the spatial resolution of future forecasts may be useful
to predict the occurrence of maximum daily temperatures for geographical areas of the
size explored here.

Another caveat of our study relates to our simplification of potential variation in blackfish
thermal tolerances across populations and life-history stages. Intraspecific differences in
UTLs have been found in other ectotherms when populations inhabit environments with
different thermal characteristics (Farrell et al. 2008, Kuo and Sanford 2009, Eliason et al.
2011). Both species of blackfish inhabit a fairly large elevational range (G. marmoratus:
100m-551m a.s.l.; G. bispinosus: 137m-1032m a.s.l.), therefore blackfish populations
may have differing thermal limits. This may particularly be the case for G. bispinosus, as
many of their higher elevation populations are likely genetically isolated from one
another. Additionally, thermal limits may differ at different life history stages (Sinclair et
al. 2016). It has been suggested that the thermal window of fish is greatest in juvenile fish
and smallest in spawners and early larvae (Pörtner and Farrel 2008). In rainbow trout heat
shock protein response is higher in juvenile fish than adult fish (Lund et al. 2000, Fowler
et al. 2009). An increase in the occurrence of extreme temperature events during summer
may have dire consequences for larval blackfish if they do indeed have lower thermal
tolerances than adult blackfish. However, we have no information of how the thermal
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tolerances of G. marmoratus and G. bispinosus vary across development, therefore
further study is required.

Despite the limitations of our study, we present evidence that G. marmoratus and G.
bispinosus are likely to suffer under climate change due to maximum temperatures
exceeding the upper thermal limits of both species across large parts of their distribution.
In addition to efforts to combat climate warming, specific management actions may be
useful for protecting blackfish from future extreme temperatures. Management actions
aimed at reducing the occurrence of threatening temperatures include restoration of
riparian zones (Palmer et al. 2009, Seavy et al. 2009), or incorporating temperature
thresholds into management triggers for water extractions from streams (Olden and
Naiman 2010). Additionally, actions to aid fish dispersal, such as fish-ways, or
translocations could be useful if increases in extreme warm temperatures are unavoidable
(Richardson et al. 2009).
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4.8 Supplementary material

4.8.1 Metabolic break point detection

Figure S4.1 Arrhenius plots of metabolic rate versus temperature for G. marmoratus. Metabolic
breakpoints detected using segmented linear regression on log-transformed 𝑀̇𝑂2 and inverse
temperature data from the last 50 measurement loops.
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Figure S4.2 Arrhenius plots of metabolic rate versus temperature for G. bispinosus. Metabolic
breakpoints detected using segmented linear regression on log-transformed 𝑀̇𝑂2 and inverse
temperature data from the last 50 measurement loops.
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4.8.2 Linear relationship between maximum daily air temperature and maximum daily
stream temperature

Figure S4.3 Linear regressions of maximum daily air temperature (3-day running average) and
maximum daily stream temperature for 13 sites distributed throughout five catchments () of the
Murray-Darling Basin. Average RMSE was 2.09 °C.
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4.8.3 Linear mixed effects model of maximum daily air temperature and maximum daily
stream temperature

Figure S4.4 Linear mixed effects model of the relationship between maximum daily air
temperature (3-day running average) and maximum daily stream temperature for 13 sites showing
global (black) and site-specific models (blue).
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Chapter 5: General conclusion

5.1 Thesis motivations and aims
Australia is predicted to experience some of the largest increases in water temperatures
under climate change. As a result, freshwater organisms are likely to experience novel
thermal regimes. Accordingly, there is a need for studies that aim to identify causal links
between temperature and organismal fitness in freshwater environments. Unfortunately,
identification of the causal mechanisms underlying species distributions along the river
continuum has seldom been tackled in freshwater systems (Troia and Gido 2014). In
particular, knowledge of the thermal niches of Australian freshwater fishes is relatively
poor. To address this issue this thesis focused on determining the thermal niches of two
congeneric fish species that are distributed along an elevational gradient, Gadopsis
marmoratus and G. bispinosus. This PhD thesis aimed to:

1) Characterise the fundamental thermal niches of Gadopsis marmoratus and G.
bispinosus.
2) Determine whether differences in their thermal niche explain their observed
distribution patterns along the river continuum.
3) Use models of the fundamental thermal niche to predict how thermal change
may affect these two species.

The first aim was addressed throughout the thesis with different aspects of the
fundamental thermal niche estimated in each experimental chapter. The fundamental
thermal niche was estimated using aerobic swimming performance, aerobic scope
(Chapter 2), growth rate (Chapter 3), and thermal tolerances (Chapter 4). The second aim
was addressed in Chapters 2 and 3, where fundamental thermal niches were compared
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and contrasted with blackfish distribution as a function of environmental temperature.
The third aim was addressed in Chapters 3 and 4 by using temperature-dependent growth
models and thermal tolerances to predict the effect of climate change on both species
across their distribution. In this chapter, I will outline the major findings and implications
of my research as they relate to the thesis aims, as well as the limitations of my research,
and associated knowledge gaps that require further research.

5.2 Summary of major findings
5.2.1 Fundamental thermal niches of G. marmoratus and G. bispinosus
Despite their disjunct distribution along environmental temperature gradients, the
fundamental thermal niches of G. marmoratus and G. bispinosus appear to be quite
similar. There were no significant species-temperature interactions for any of the
metabolic parameters measured (SMR, MMR, and AS). Significant species-temperature
interactions were obtained for the swimming parameters (𝑈crit , 𝑈opt , and 𝐶𝑂𝑇𝑜𝑝𝑡 ),
however these interactions did not appear to be due to species-specific differences in the
optimal temperature of performance (𝑇𝑜𝑝𝑡 ). Thermal performance curves (TPCs)
estimated using MMR, AS, 𝑈crit , and 𝑈opt were similar between the two species, with
𝑇𝑜𝑝𝑡 estimates overlapping in all cases. This suggests that performance of G. marmoratus
and G. bispinosus is maximised at similar temperatures. However, it should be noted that
the confidence intervals around 𝑇𝑜𝑝𝑡 , were quite large, particularly for G. bispinosus. The
swimming performance experiments were originally designed to be analysed using linear
models rather than modelling the response variables as continuous functions of
temperature. Accordingly, the number of temperature treatments and individuals used
may have been insufficient to detect small differences in 𝑇𝑜𝑝𝑡 . Temperature-dependent
aerobic scope was the primary variable of interest and was chosen to estimate the
fundamental thermal niche as it has recently been proposed as a suitable proxy for the
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thermal niche in aquatic ectotherms (Pörtner 2001, Pörtner 2002). These results suggest
that either temperature is not a major factor driving the distribution of these two species,
or that temperature-dependent swimming performance and aerobic scope are poor
predictors of blackfish fundamental thermal niches.

While there appeared to be little difference in the fundamental thermal niches of G.
marmoratus and G. bispinosus when estimated using aerobic scope, some recent studies
on fish have suggested that optimal temperatures for aerobic scope may align poorly with
optimal temperatures for other performance measures such as growth (e.g. Healy and
Schulte 2012, Gräns et al. 2014). Therefore, the fundamental thermal niches of blackfish
were also estimated using temperature-dependent growth rate. For these experiments, a
greater number of temperature treatments and individuals were used so that growth rates
could be modelled as a continuous function of temperature, to aid in determining
interspecific differences in the shape of the two species TPCs and their optimal
temperatures. Similar to the results of Chapter 2, TPCs based on growth rates for G.
marmoratus and G. bispinosus were relatively similar; though 𝑇𝑜𝑝𝑡 for G. bispinosus was
lower than G. marmoratus by ~1.7 °C. While this difference is quite small, it is in the
direction hypothesised based on the distribution of the two species along the river
continuum. However, there was still a large amount of individual variability in growth
rate such that it is difficult to pinpoint a distinct peak for 𝑇𝑜𝑝𝑡 . Interestingly, each species’
thermal optimum for growth rate were within 2-3 °C of their thermal optima for AS, 𝑈crit ,
and 𝑈opt , suggesting that these different measures of performance may provide similar
characterisations of the thermal niche for these two species.

To provide another view of the fundamental thermal niches of G. marmoratus and G.
bispinosus I also determined the species upper and lower thermal tolerances. Extreme
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temperatures can exert strong selective pressures on thermal performance (Huey and
Kingsolver 1989, Huey and Kingsolver 1993). As a result, blackfish may have similar
temperature-dependent performance at intermediate temperatures but differentiate their
thermal niche along axes related to thermal tolerance. Both blackfish species were able to
tolerate the coldest temperatures tested here (i.e. 2 °C). Thus I was unable to determine
any differences in their lower thermal limits (LTLs). However, there were significant
differences in upper thermal limits (UTLs) between the two species of ~0.8 °C, with the
‘break-point’ in metabolic rate of G. bispinosus consistently occurring at lower
temperatures than G. marmoratus. While the magnitude of this difference is quite small,
given the severity of stream temperature occurrences exceeding UTLs (i.e. death), such a
small difference may be sufficient to impact distribution limits of blackfish.

Overall, all three experimental chapters suggest that there may be only small differences
in the fundamental thermal niche of G. marmoratus and G. bispinosus. Given the obvious
disjunct distributions of these two species along environmental temperature gradients, it is
surprising that their TPCs are so similar. Whether the small differences in the optimal
temperature of growth rate of upper thermal tolerances of the two species are sufficient to
cause the observed distribution patterns remains uncertain.

5.2.2 Fundamental thermal niches vs. distribution patterns of G. marmoratus and G.
bispinosus
The realised thermal niches of G. marmoratus and G. bispinosus differed at both small
spatial scales (i.e. within stream) and large spatial scales (i.e. across catchments), with G.
bispinosus occupying cooler temperature waters than G. marmoratus. Despite this, there
was no obvious axis of the fundamental thermal niche that was most useful for explaining
blackfish distribution patterns. While there is some overlap between the two species
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distributions, the degree of separation along elevational (and thus temperature) gradients
suggested that there may be quite distinct differences in their thermal niches. However,
thermal performances curves based on AS, 𝑈crit , 𝑈opt , and growth rate, as well as
estimates of thermal tolerances indicate that any differences in the fundamental thermal
niches of blackfish are likely to be quite small.

While differences in the fundamental thermal niches of G. marmoratus and G. bispinosus
were small, results from both the growth rate and thermal tolerance experiments suggest
that temperature may play some role in structuring the distribution of these two species
along elevational gradients. Predicted growth rates based on environmental temperature
was positively correlated with occurrences of both species across five catchments of the
Murray-Darling Basin. This suggests temperature-dependent growth influences the
current regional distributions of blackfish in a river network. However, both species
appear to be absent from areas where their growth rates are still predicted to be relatively
high. These absences could be due to the incomplete mapping of the two species
distribution or the influence of non-thermal factors that vary along the river continuum.
There were significant differences between the two species UTLs, with G. marmoratus
capable of tolerating warmer temperatures than G. bispinosus. However, differences in
the LTLs between the two species were not detected. This result aligns with temperature
records that suggest the greatest differences in thermal regimes between higher and lower
elevation streams are at the higher end of temperature distributions rather than the lower
end. However, if temperature is not a major factor driving observed blackfish distribution
patterns, then they may differentiate their fundamental niche along non-thermal axes that
correlate with temperature along elevational gradients.
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While this research has improved our understanding of the fundamental thermal niche of
both G. marmoratus and G. bispinosus, there is a need for further research into nonthermal factors that covary with temperature along elevational gradients. Stream gradients
are complex with many factors varying along the river continuum aside from just
temperature (Vannote et al. 1980). Stream hydraulics, substrate composition, riparian
vegetation, and prey composition availability all vary along the river continuum and may
be important factors governing changes in the composition of fish communities (Werner
1977, Labropoulou and Eleftheriou 1997, Nakano et al. 1999, Growns et al. 2003, Humpl
and Pivnička 2006, Grossman and Ratajczak 2010, Bhatt et al. 2012, Knickle and Rose
2014). Much remains unanswered regarding the most important factors shaping the
distribution of these two species. Clearly, further research into how non-thermal factors
vary along the gradients occupied by G. marmoratus and G. bispinosus will be necessary
for determining the relative influence of temperature on driving their distributions as well
as predicting how they may respond to thermal change.

5.2.3 The potential impact of thermal change on G. marmoratus and G. bispinosus
Despite not having a definitive understanding of the relative significance of temperature
versus other factors in shaping the distributions of G. marmoratus and G. bispinosus
along the river continuum, the characterisations of their fundamental thermal niches
presented in this thesis allow useful predictions to be made on the potential impacts of
thermal change on these two species. Accordingly, predictions of climate change impacts
were made using both temperature-dependent growth models and upper thermal limits
alongside predicted increases in temperature corresponding to IPCC AR5 climate change
scenarios.
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Predictions of climate change impacts made using growth rate models suggest G.
marmoratus and G. bispinosus will experience both positive and negative effects on
growth depending on season. Warming temperatures are predicted to increase growth
rates for both species during autumn and spring periods compared to current conditions as
temperatures approach each species respective optimal temperature for growth.
Conversely, during summer, temperatures are predicted to exceed both species thermal
optimum and cause reductions in growth rates, particularly for G. bispinosus. These
reductions in growth occur at a key life-history stage for these fish, the juvenile
recruitment season. If reductions in growth during summer months outweigh the potential
increases during other times of the year, then both species are likely to undergo range
contractions. It should be noted that growth rates were measured under laboratory
conditions with fish having ample access to food and that potential increases and
decreases in growth rate due to climate change will be influenced prey availability in the
wild among other factors.

Unsurprisingly climate change is predicted to increase the frequency of temperatures
exceeding each species UTL. Despite G. bispinosus having a lower UTL than G.
marmoratus, the effects of warming temperatures may be more detrimental to G.
marmoratus due to a lower warming tolerance (i.e. the difference between habitat
temperature and thermal limits). This result highlights the importance of considering the
thermal environment of species distributions when considering the vulnerability of
species based on thermal tolerances. Interestingly, the two approaches to predicting
climate change impacts (i.e. growth rates vs thermal tolerances) yielded contrasting
results regarding which blackfish species is most at risk.
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5.3 Limitations and directions for future research
There are a number of limitations of this research that provide useful areas for future
research to improve our knowledge of the thermal niches of G. marmoratus and G.
bispinosus and the role temperature plays in driving their distribution along the river
continuum.

Characterisations of the fundamental thermal niche of blackfish were made on individuals
acclimated to constant temperatures. This reduction of environmental complexity may
influence estimates of the fundamental thermal niche. Estimates of metabolic rate may be
underestimated in studies employing constant temperature acclimation (Enders and
Boisclair 2015). Fluctuating temperatures may also influence estimates of optimal growth
temperature (Hokanson et al. 1977, Paaijmans et al. 2013, Kingsolver et al. 2015). As
both blackfish species were acclimated to the same constant temperatures, comparisons of
their fundamental thermal niches would only be affected if fluctuating temperatures
influenced metabolic rates and growth rates in species-specific ways. However, if
fluctuating thermal regimes do influence the thermal optimum of blackfish performance
then the predictions of the impacts of thermal change made in this thesis would be altered.
Therefore, future work should attempt to incorporate more ecologically realistic thermal
regimes in laboratory acclimation, or attempt to study temperature-dependent
performance under field conditions.

This thesis did not consider potential differences in thermal performance that may occur
across different stages of blackfish life history (Pörtner and Farrel 2008, Sinclair et al.
2016). The thermal window of fish may be widest at the juvenile and adult life-history
stages, and narrowest for eggs, larvae and spawning adults (Pörtner and Farrel 2008,
Pörtner and Peck 2010). Consequently, organisms can inhabit different microhabitats at
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different life-history stages and thus have differ thermal niches (Kingsolver et al. 2011).
Aside from the current thesis, which focused on non-spawning adults and some
correlative studies regarding spawning temperatures (Jackson 1978, Lintermans 1998),
we know very little about how the thermal niches of blackfish differ throughout their life
history. Further study could aim to identify which life-history stage is most vulnerable to
thermal change

The fish used in this thesis to characterise the fundamental thermal niche of both species
were obtained from a single stream, and therefore estimates of the fundamental thermal
niche may not be representative of the entire species. Thermal performance can vary
across a species distribution, with populations being adapted to local thermal regimes
(Kuo and Sanford 2009, Eliason et al. 2011, Sinclair et al. 2016). Due to the dendritic
nature of the riverine environments blackfish inhabit it seems quite plausible that many
populations are isolated from one another. This may particularly be the case for G.
bispinosus, where dispersal pathways between populations occupying headwater streams
are long and disconnected due to unsuitable downstream conditions. Thus, isolated
populations of blackfish may have adapted to local thermal conditions. Consequently, it
may be difficult to explain the distribution of these two species using the fundamental
thermal niches from fish isolated from one population. Further research on the thermal
performance and tolerances of multiple blackfish populations, particularly those in
different catchments, may be useful for understanding the natural variation in their
thermal performance and potential to adapt to cope with thermal change.

A number of the characterisations of freshwater thermal environment used in this thesis
were necessarily based on relationships with air temperatures. Unfortunately, there is poor
coverage of available freshwater temperature data over much of the distribution of both
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blackfish species within the Murray-Darling Basin. This is a problem not only for making
predictions on how thermal change will affect blackfish distributions, but also for
freshwater organisms more generally. Better characterisations of thermal environments at
spatial and temporal scales relevant to freshwater organisms is urgently required if we are
to make accurate predictions about how species may respond to altered thermal regimes.
One way in which organisms can avoid the detrimental temperature conditions is to seek
out cooler microhabitats. Research on salmonids has shown that they are able to avoid
thermally stressful environments by inhabiting cooler microhabitats (Nielsen et al. 1994,
Ebersole et al. 2001). Insects have been shown to occupy different temperature
microhabitats during ontogeny to reflect changes in their thermal tolerance, thus keeping
a similar warming tolerance throughout their life-history (Pincebourde and Casas 2015).
Do blackfish behaviourally thermoregulate by seeking out preferred temperatures in a
thermal heterogeneous environment? Do blackfish seek out different microhabitats during
ontogeny to reflect a changing thermal niche? Further research on how blackfish move
around their environment and the thermal conditions they experience will be useful for
identifying their potential to avoid thermally stressful conditions by behavioural means.

5.4 Concluding remarks
The major motivation for studying the fundamental thermal niche of G. marmoratus and
G. bispinosus was to isolate the causal effects of temperature on their fitness, with an aim
to determine whether temperature is a driving factor in shaping their distribution along the
river continuum. As there are many other factors that vary along the river continuum
concomitantly with temperature change, such as substrate composition, velocity, and prey
composition, this thesis is an important first step in trying to understand the influence of
temperature on the distribution of these two species. Indeed, there is an
underrepresentation of studies in the freshwater science literature that experimentally
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determine how specific factors that vary along the river continuum shape organismal
fitness. Despite not definitively identifying the contribution of thermal factors to driving
the distribution of G. marmoratus and G. bispinosus along elevational gradients, the
characterisation of their thermal niche contained in this thesis provides useful information
for predicting the potential impacts of warming temperatures due to climate change on
these two species. However, due to the multifarious axes along which these fish may
partition their niche along the river continuum, further research of the influence of other
factors on components of blackfish fitness is required to strengthen our predictions of
climate change impacts.
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Abstract:

Using a mechanistic approach to understand fish distributions along an
altitudinal gradient: testing for thermal adaptation
Slade Allen-Ankins1, Rick Stoffels2 3, Peter Pridmore1
1. La Trobe University, Wodonga, VIC, Australia
2. CSIRO Land and Water, Wodonga, VIC, Australia
3. Murray-Darling Freshwater Research Centre, Wodonga, VIC, Australia

An understanding of a species’ thermal niche is important for predicting how populations
may respond to an altered thermal regime; whether from climate change, riparian zone
alterations or thermal pollution. Unfortunately, the thermal ecology of Australian
freshwater fishes is poorly understood. The objective of this PhD is to improve our
understanding of this issue by researching the thermal ecology of two congeneric species;
the river blackfish (Gadopsis marmoratus) and the two-spined blackfish (G. bispinosus).
Anecdotal reports based on their distribution suggest that G. bispinosus may be coldadapted while G. marmoratus may be adapted to warmer water. This PhD will attempt to
provide a mechanistic explanation for blackfish distribution by determining the thermal
niche of these two species.

Sampling of blackfish communities along an altitudinal gradient in two streams revealed
that G. bispinosus are the only blackfish species at higher elevations, with both species
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coexisting in a significant zone of overlap before G. marmoratus become the dominant
blackfish species at lower elevations. To test for evidence of thermal adaptation the
swimming and respiratory performance of both species was determined at different
temperatures using a Ucrit protocol. No significant species-temperature interactions were
detected, with maximal performance of both species occurring at 22 degrees. If the two
species are adapted to different temperatures, these adaptations do not appear to affect
their aerobic swimming capabilities. Additional research on the effect of temperature on
other aspects of fitness is needed to determine if thermal adaptation is responsible for the
distribution patterns of blackfish species.
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Allen-Ankins, S., and Stoffels, R. (2015) Testing for thermal adaptation: do the thermal
niches of blackfish explain their distribution? Joint New Zealand Freshwater Sciences
Society and Australian Society for Limnology Conference 2015. Wellington, New
Zealand. 23-26 November

Abstract:

Testing for thermal adaptation: do the thermal niches of blackfish explain
their distribution?
Slade Allen-Ankins1, Rick Stoffels2 3
1. La Trobe University, Wodonga, VIC, Australia
2. CSIRO Land and Water, Wodonga, VIC, Australia
3. Murray-Darling Freshwater Research Centre, Wodonga, VIC, Australia

Recently, there has been a resurgence of interest in the thermal niche of ectotherms, as
ecologists urgently seek a predictive understanding of how human alteration of thermal
landscapes will affect fitness and population dynamics. Unfortunately, the thermal
ecology of Australian freshwater fishes is poorly understood. The aim of this PhD is to
utilise correlational and mechanistic approaches towards understanding the thermal niches
of two congeneric, riverine fishes: the river blackfish (Gadopsis marmoratus) and the
two-spined blackfish (G. bispinosus). Anecdotal reports suggest that while the two
species’ distributions partially overlap, G. bispinosus is more abundant at higher altitudes
than G. marmoratus, suggesting possible thermal niche differentiation.

Here we present data on multiple measures of organismal performance and how these
relate to the distribution of both species along thermal gradients. Despite the distribution
of the two species being correlated with temperature, the physiological experiments
conducted so far have provided little evidence to suggest they have different thermal
niches. This suggests that either: (1) the thermal niches of these two species do not differ
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and non-thermal factors are responsible for driving the different distributions; or (2) the
thermal niches do differ, but they differ along axes of the thermal niche not yet studied.
This study highlights the need to be cautious when making predictions of species thermal
preferences and tolerances based solely on their current distribution.
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