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SUMMARY STATEMENT
This paper explores why coho salmon do not conform to existing predictions about the
temperature-dependence of aerobic scope in Pacific salmon.
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ABSTRACT

Aerobic scope (AS) has been proposed as a functional measurement that can be used to make
predictions about the thermal niche of aquatic ectotherms and hence potential fitness outcomes
under future warming scenarios. Some salmonid species and populations, for example, have been
reported to exhibit different thermal profiles for their AS curves such that AS peaks around the
modal river temperature encountered during the upriver spawning migration, suggesting species-
and population-level adaptations to river temperature regimes. Interestingly, some other
salmonid species and populations have been reported to exhibit AS curves that maintain an
upwards trajectory throughout the ecologically-relevant temperature range rather than peaking at
a modal temperature. To shed further light on this apparent dichotomy, we used adult coho
salmon (Onchorhynchus kisutch) to test the prediction that peak AS coincides with population-
specific, historically experienced river temperatures. We assessed AS at 10°C and 15°C, which
represent a typical river migration temperature and the upper limit of the historically experienced
temperature range, respectively. We also examined published data on AS in juvenile coho
salmon in relation to new temperature data measured from their freshwater rearing environments.
In both cases, AS was either maintained or increased modestly throughout the range of
ecologically relevant temperatures. In light of existing evidence and the new data presented here,
we suggest that when attempting to understand thermal optima for Pacific salmon and other
species across life stages, AS is a useful metric of oxygen transport capacity but other thermally-
sensitive physiological indices of performance and fitness should be considered in concert.
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INTRODUCTION

Thermal performance windows are predicted to have evolved to be as narrow as possible for an
animal’s life history (Huey and Kingsolver, 1989; Portner and Farrell, 2008). For example,
among salmonids, bull trout (Salvelinus confluentus) have narrower and colder thermal
performance curves than do brown trout (Salmo trutta) for metrics like growth and survival,
which correspond with the more alpine habitat of bull trout (e.g., Ojanguren et al., 2001; Selong
et al., 2001). To explain the mechanistic basis for thermal performance and tolerance in
ectotherms, a leading hypothesis has been termed oxygen- and capacity-limited thermal tolerance
(OCLTT) (Portner and Knust, 2007). OCLTT proposes that an ectotherm’s aerobic scope (AS;

the difference between minimum and maximum rates of oxygen consumption, I\)Io2 min and I\)Io2

max, respectively) is a physiological trait that unifies fitness-related metrics because all activities
ultimately require oxygen, and thus can be used to predict thermal performance and perhaps
fitness (Portner, 2002; Claireaux and Lefrancois, 2007).

The OCLTT hypothesis has been applied to adult sockeye salmon (Oncorhynchus nerka)
populations undergoing their migration through freshwater to spawning areas, whereby some
populations appear to display local adaptation by having aerobic scopes that are maximized to
accommodate both the athletic challenge of their upriver migration and to coincide with the
temperatures experienced by previous generations during upriver migration (Lee et al., 2003;
Farrell et al., 2008; Eliason et al., 2011). Within this paradigm of local adaptation, it is perhaps
not surprising that the ever-increasing peak summer temperatures of the Fraser River, British
Columbia, Canada, superimposed on normal annual variability, have caused high en route
mortality in sockeye salmon in some years (Patterson et al., 2007; Farrell et al., 2008; Martins et
al., 2011; Hinch et al., 2012). Consequently, understanding the underlying cause(s) of migration
failure at high temperatures will be fundamental to efforts aimed at conserving the diversity of
wild Pacific salmon. Indeed, a progressive decline in AS above historic modal river temperatures
has been proposed as one of several potential mechanisms for population-specific en route
mortality at high temperatures (Farrell et al., 2008; Hinch et al., 2012). With climatic change
occurring at an alarming rate and regarded as a key pressure acting upon Pacific salmon
conservation and management (Patterson et al., 2007; Crozier et al., 2008; Bryant, 2009; Martins

et al., 2011; Reed et al., 2011), AS has emerged as a potentially useful functional measurement
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with which to make predictions about the thermal niche of aquatic ectotherms and hence
potential fitness outcomes under future warming scenarios.

Nevertheless, some organisms exhibit extremely broad thermal tolerance. For example,
depending on acclimation temperature, killifish (Fundulus heteroclitus) and goldfish (Carassius
auratus) can have thermal tolerance ranges in excess of 30°C based on measurements of critical
thermal maxima (CTmax), critical thermal minima (CTmin), and AS (e.g., Fangue et al., 2006;
Healy and Schulte, 2012; Ferriera et al., 2014). Furthermore, some populations of Fraser River
salmon clearly appear to either maintain or even increase AS at temperatures well beyond the
mode for the historically-experienced river temperatures during their adult river migration
(MacNutt et al., 2006; Clark et al., 2011; Eliason et al., 2013). Indeed, AS in some fish species
exhibits a steady increase until near-lethal temperatures are reached (e.g., Fry, 1947; Clark et al.,
2013a; Healy and Schulte, 2012; Ferreira et al., 2014; Gréns et al., 2014; Norin et al., 2014), in
contrast to those species that appear to have clear peaks in AS as a function of temperature (e.g.,
Fry, 1948; Fry and Hart, 1948; Lefrancois and Claireaux, 2003; Chen et al., 2015). A broad AS
curve either implies that there is a selective advantage to being able to maintain a high AS across
the range of temperatures inhabited (i.e., the optimal temperature for AS (Topt,as) Spans a broad
rather than a narrow range, e.g., Healy and Schulte, 2012; Ferriera et al., 2014; Schulte, 2015;
see AS comparisons in Farrell, 2009), or that AS is a performance metric that has limited utility
for predicting thermal habitat, performance, and fitness.

In light of a rapidly warming world (Root et al., 2003), efforts to clarify the causal
mechanism(s) for the effects of temperature on performance in fishes must remain a priority area
of research to assist with triage of potential conservation problems and identification of potential
mitigation strategies. Therefore, the present study expands on the existing AS datasets for Pacific
salmon by examining AS in two populations of coho salmon (O. kisutch) in relation to data on
their thermal experiences. Coho salmon have diverse life histories (Sandercock, 1991) but
generally spend their first year of life rearing in freshwater streams as fry before migrating to the
sea as smolts. They rear in the Pacific Ocean before returning to their natal streams in the autumn
and early winter to spawn, generally after ~1.5 years at sea (age 3; Bradford and Irvine, 2000).
During their spawning migration, adult coho salmon are thought to conform to the OCLTT
hypothesis by achieving peak AS at the water temperatures most commonly encountered during

their upstream migration to freshwater spawning areas (Lee et al., 2003; Farrell et al., 2008). We
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measured AS in adult coho salmon from the Chilliwack River, British Columbia, Canada at

10°C, a temperature commonly encountered both during ocean life (Welch et al., 1995) and

during the upstream migration to spawning areas, and after at least two days of exposure to
15°C, the extreme upper limit of historically experienced temperatures during their 125 km (~ 5-
7 day) upstream migration to the spawning area. Use of these two key temperatures, coupled
with long-term thermal datasets from the relevant watersheds, enabled us to test the prediction
that the AS of adult coho salmon peaks at the temperature(s) most commonly encountered during
the upstream migration to spawning areas (here, ~10°C) and declines at a higher temperature
(15°C). Furthermore, we assessed whether juvenile coho salmon from the nearby Seymour
River, British Columbia, Canada conform to OCLTT by comparing recent AS data from that life

stage (Casselman et al., 2012) with new temperature records from the freshwater environment

that would be predicted to influence the thermal response of AS. For both life stages, we then set
our analyses of AS and watershed temperatures within the context of existing knowledge on the
thermal ecology of this species, enabling us to assess the potential role of AS in defining thermal

niches.
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MATERIALS AND METHODS

Animal collection and holding

Adult coho salmon (total n = 28; mean + standard error fork length (FL) = 60.6 £ 0.7 cm, range =
54-69 cm; mean mass = 2.56 + 0.12 kg, range = 1.75-4.29 kg) were collected with a dip-net from
a concrete raceway (~8-10°C) at the Chilliwack River Hatchery (A in Fig. 1) on seven occasions
between 14" and 29" October, 2011. They had completed their migration from the marine
environment, a ~125 km upstream swim through the Fraser and Chilliwack Rivers, in less than a
week. All fish had been reared and released from the same location ~1.5 years earlier. The fish
were transported (~25 min duration) in well-aerated Chilliwack River water (~8-10°C) to nearby
Cultus Lake Laboratory (CLL; B in Fig. 1) where they were placed in one of two large in-ground
concrete aquaria (5.3 m diameter, 60 cm water depth) supplied with a continuous flow of water
drawn from nearby Cultus Lake (9-10°C). This water temperature mimicked the river
temperature experienced while swimming to the spawning area. The temperature in one of the
two holding ponds was gradually increased to ~15°C during the first 24 h after fish transfer to
simulate an acute temperature experience that was marginally warmer than the maximum
temperature revealed in the historic thermal records (see Watershed temperature records, below,
and Results). To warm the water, a second input of water was run through a heater. Each tank
was equipped with a submersible pump positioned horizontally along the wall to create circular
water current (~10 cm s1) and air was pumped through large air stones at all times to maintain
water oxygen levels >90% air saturation. Fish were given 2.4+0.4 days (mean = SE) at their
experimental temperature prior to being used for respirometry measurements (see below). Fish
collection, transport, and thermal exposure were repeated on seven separate occasions over a
period of 24 days to achieve desired sample sizes. Coho salmon (like all Pacific salmon)
generally cease feeding prior to river entry (Sandercock, 1991) and so experimental fish were not
fed in captivity. All capture, transport, holding, and experimental procedures were approved by
the Animal Care Committees of the University of British Columbia and Fisheries and Oceans

Canada, following guidelines set by the Canadian Council on Animal Care.

Minimum rates of oxygen consumption (I\)Io2 min)

The static, intermittent flow-through respirometer devices and methods used to measure I\)Io2 min

followed established practices (see Steffensen et al., 1984; Steffensen 1989; Clark et al., 2013a)
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and were the same as those detailed in Clark et al. (2011). Briefly, fish were sealed into one of
two 138 L custom-built respirometers that were submerged within a 1700 L reservoir tank
situated adjacent the two holding tanks, and using the same flow-through water supply set at the
desired experimental temperature (10 or 15°C). The respirometers were automatically flushed

with aerated water for 45 min of every hour, and sealed for M02 measurements during the other

15 min. Oxygen levels within the respirometer water were recorded at all times (at 1 Hz) using
oxygen electrodes (Loligo Systems, Tjele, Denmark) situated within a recirculation line that

ensured the water was well-mixed within each chamber. Each trial continued for 20-26 h (i.e.,

20-26 I\/Io2 measurements per fish; see Fig. 2) and I\/'Io2 min for each fish was calculated as the

mean of the lowest three measurements obtained during its trial (Fig. 2). At the end of the
measurement period, fish were removed from the respirometers and sacrificed by cerebral
percussion before being weighed and measured. Seven individuals were tested at each of the two
test temperatures (10°C and 15°C; total n = 14). The respirometers were periodically sealed
without containing a fish to measure background (microbial) respiration, which was negligible at

both temperatures.

Maximum rates of oxygen consumption (I\)Io2 max)

Individual fish were netted from the holding tanks for measurements of I\/Io2 max IN @ 425 L Brett-
type swim-tunnel respirometer (Farrell et al., 2003; Lee et al., 2003) using a protocol similar to
that outlined by Clark et al. (2011). Briefly, fish were first given 90+ min to adjust to the tunnel
at a water speed of ~0.3 FL s with aerated, flow-through water at their respective holding
temperature (10 or 15°C). The speed of the swim tunnel’s impellor was then progressively
increased such that the water velocity increased by ~0.2 FL s each minute until the fish began
showing signs of approaching its maximal swimming velocity (Umax), reflected in intermittent
burst-and-glide behaviour (a similar protocol enabled rainbow trout to reach speeds 19-59%

higher than their critical swimming speed [Ucit]; Farrell, 2008). The swim tunnel was then sealed
for ~20 min so that l\)lo2 could be measured. The water speed was usually increased further at the

start of the I\)Io2 measurement (to ~2.2 FL s1), but was then modulated as needed to ensure the

fish remained maximally challenged without having to rest on the grid at the back of the tunnel,
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which was occasionally electrified to motivate the fish to exercise. Umax Was designated as the
highest swimming speed that the fish was able to maintain for at least 3 min without having to

rest against the rear grid and after correcting for the solid blocking effect of the animal (Jones et

al., 1974). I\/'Io2 max Was calculated from the steepest slope for oxygen partial pressure (pO2) of

water in kPa versus time over any 5 min segment of the ~20 min measurement period. After
swim-trials, the fish were removed from the tunnel, sacrificed by cerebral percussion, weighed,
and measured. Experiments were performed on seven individuals at 10°C and at 15°C (total n =

14). Background respiration remained negligible throughout the experimental period.

Data analysis and statistics
Sexes were not obvious based on external morphology in some cases, so the number of males

and females in each treatment could only be determined post-experimentation by dissection (for

I\)Io2 min: 4 females and 3 males at 10°C, 3 females and 4 males at 15°C; for I\)Io2 max. 6 females

and 1 male at 10°C, 3 females and 4 males at 15°C). Data were combined for males and females
for analyses to avoid low statistical power (following Lee et al., 2003). There were no significant

differences in fish size (mass in kg or fork length in cm) between test temperatures for either the
I\/Io2 max OF I\)Io2 min Measurements (Wilcoxon signed-rank test, all P > 0.2), or when comparing
the mass and length of fish used for measurements of I\/Io2 min VErsus those used to measure I\)Io2
max (pooled temperatures; P > 0.6 for both metrics). Aerobic scope (AS) of an individual salmon

from the swim tunnel trials was estimated by subtracting the group mean |\7|o2 min at the relevant
temperature from that individual’s l\/lo2 max (@s in Clark et al., 2011). Variability in I\)Io2 min Was
low at both temperatures (SD = 0.13 mg kg* min at 10°C = 10% of grand mean I\)Io2 min; SD =

0.32 mg kg?! min?t at 15°C = 16% of grand mean I\)Io2 min). Gross cost of transport during

maximum exercise (GCOTexer; Mass-specific oxygen consumption m? traveled) was calculated

as M02 max | Umax (Umax converted to m min™). Net cost of transport at maximum exercise
(NCOTexer) was calculated by dividing the AS of an individual by its Umax, which removes any

variability due to |\7I02 mn and is a true measure for the actual cost of locomotion. The

temperature coefficient (Q10) was calculated for I\/Ioz, GCOTexer, and NCOTexer (N0t for Umax
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because there was no effect of temperature; see Results) and used to adjust values to exactly 10
and 15°C to account for any temperature deviation, which was always <1°C from the desired
temperature.

Wilcoxon sign rank tests were used for statistical comparisons between 10 and 15°C for
I\/.IO2 min, I\/.IO2 max, AS, factorial aerobic sScope (FAS, i.e., '\)lO2 max | I\/.IO2 min), Umax, GCOTexer, and

NCOTexer. Values herein are given as means+SE. Statistical tests were conducted using RStudio
(v. 0.98.953, RStudio, Inc., Boston, MA, USA; http://www.rstudio.com/) with a set at 0.05.

Watershed temperature records

We obtained water temperatures records from a mixture of sources. Data for the Fraser River
main-stem were obtained from a long-term database of river temperatures measured from a
variety of representative locations (daily means for 1954-1985, 1996-1999, 2001-2013; Fisheries
and Oceans Canada’s [DFO] Environmental Watch Program). The Fraser River is well mixed,
and the internal body temperature of upstream-migrating adult sockeye salmon rarely deviates
more than 1°C from the temperatures recorded by the in-river thermal loggers that generated the
values in the database we used here (Donaldson et al., 2009). The main-stem of the Fraser River
makes up the majority of the migration for many of the populations in the basin (~70% of the
migration in the case of Chilliwack River coho salmon). The temperatures experienced in
subsequent spawning tributaries can be warmer, cooler, or similar to those experienced in the
Fraser River, depending on year, location, and time of year. Here, we obtained temperature data
recorded at the Seymour and Chilliwack River hatcheries (daily means; D and A in Fig. 1,
respectively) — in the latter case temperature was measured as the water was drawn from the river
(data supplied by DFO’s Environmental Watch Program). Thus, even though the thermometers
were not placed directly in the Chilliwack River, these temperatures are representative of those
experienced by fish both in the river and in the hatchery itself (e.g., rearing juveniles). The
Chilliwack River data were used to characterize temperatures experienced during the adult
migration period (ca. Oct. 1 — Nov. 30). The Seymour River hatchery, from which juvenile coho
salmon were obtained for measurements of AS (Casselman et al., 2012), draws its water from the
reservoir directly upstream (which also supplies the river itself). To supplement the data from the
hatchery (daily means from 2007-08-01 to 2013-08-01), which we expected may have differed

somewhat from the in-river temperatures, we installed and maintained two thermal loggers in
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coho salmon rearing habitat (two locations) in the Seymour River that recorded temperature
every 10 minutes for a three-year period (2010-08-08 to 2013-08-24; HOBO Water Temp Pro
V2, Onset Computer Corporation, Bourne, MA, USA). Seymour River thermal records were
used to characterize the range of temperature experienced by juvenile coho salmon rearing there

(May-October) — temperatures that we predicted would shape the thermal response of AS.
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RESULTS

Adult coho salmon

I\/Io2 progressively decreased after fish were placed in the static respirometers, reaching a stable
value within 6-8 h. Thus, 12-20 measurements were used to estimate an individual’s I\)Io2 min

(Fig. 2). As expected, I\)Io2 min Was significantly higher (56%) at 15°C than at 10°C (2.06+0.12

vs. 1.32+0.05 mg kg min; Fig. 3; Wilcoxon rank sum test, P < 0.001) and the Q1o was 2.37.
Umax ranged from 1.90 — 2.41 FL s but was not significantly different between 15°C and 10°C
(2.13+0.08 and 2.15+0.08 FL s, respectively; Fig. 3; Wilcoxon rank sum test, P = 0.65).

Nevertheless, I\)Io2 max Was 19% higher at 15°C than at 10°C (11.71+0.15 vs. 9.88+0.54 mg kg™

min?; Fig. 3; P = 0.018) and the Q10 was 1.53. As a result, GCOTexer Was 20% higher (Q1o =
1.20) at 15°C than at 10°C (0.151+0.005 vs. 0.126+0.007 mg Oz kg* m™; P = 0.011), but a
similar trend in NCOTexer (0.124+0.004 vs. 0.109+0.006 mg Oz kg* m? at 15°C and 10°C,
respectively, Q1o = 1.29) did not reach statistical significance (P = 0.053). Therefore, the increase

in GCOTexer was driven by the increased cost of living more so than either a greater swimming

effort or lower mechanical efficiency of locomotion at 15°C. A larger relative increase in Mo,

min than in I\/Io2 max between temperatures meant that FAS (I\)Io2 max / l\)lo2 min) Was 32% higher at

10°C (7.51+0.41) than at 15°C (5.68+0.07; Wilcoxon rank sum test, P = 0.004). However, AS
was 13% higher at 15°C than at 10°C (9.62+0.14 vs. 8.54+0.52 mg kg™ min; Wilcoxon rank

sum test, P = 0.026; Fig. 4A) because of the greater absolute increase in M02 max compared with

Mo, min between temperatures.

Fig. 4A places the two AS measurements in the context of historic temperature records
for the Fraser and Chilliwack Rivers (white and grey bars, respectively), calculated using daily
mean temperatures in the Fraser and Chilliwack systems within one month either side of peak
migration timing for Chilliwack River coho salmon; i.e., October 1 through November 30 with a
peak migration date of November 1. These two sites represent 91 and 38 kilometers of the
population’s 125 km upstream migration to the Chilliwack River Hatchery and illustrate that this
population of salmon can maintain high AS over its entire ecologically-relevant temperature
range for river migration to spawning areas and certainly well-beyond the modal temperature for

river migration (i.e., ~7-9°C).
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Comparison with juvenile coho salmon

To expand our assessment to the juvenile life stage, we compared published AS data for the
Seymour River hatchery population (Casselman et al., 2012; D in Fig. 1) with river temperatures
recently recorded in freshwater rearing environments for coho salmon, both in the Seymour
River and from the hatchery where the fish were obtained (light and dark grey bars, respectively,
in Fig. 4B). By focusing on water temperatures from May 1 through October 31, we not only
captured the testing dates used by Casselman et al. (2012) but encompassed the period of
summer growth (Bisson et al., 1998; Quinn and Peterson, 1996). By doing so, we compared the
thermal performance of AS against relevant river temperature records, but did not attempt to
assess ontogenic changes in AS because the juveniles and adults assessed in this study were from
genetically distinct populations (Beacham et al., 2011). The Seymour River population (D in Fig.
1) has a shorter migration distance to the ocean (19 km) than does the Chilliwack River
population (A in Fig. 1; 125 km), while many other coho salmon populations migrate >400 km
to the ocean (Sandercock, 1991). Nevertheless, the Seymour River and Chilliwack River
populations share a similar freshwater rearing temperature during the summer growing period
(Fig. 4B) and a similar peak smolt outmigration time (i.e., mid-May is when juvenile fish
migrate to the ocean).

AS of juvenile Seymour River coho salmon was again maintained over the entire
ecologically relevant temperature range that juveniles typically experience during rearing in
these watersheds (i.e., ~5-18°C) and certainly well beyond the modal temperature. However, AS
did decline significantly by 33% at 21°C from its numerical peak at 17°C (Casselman et al.,
2012), with 21°C being beyond the historic temperatures that Seymour River coho would usually
encounter during their juvenile lifecycle (Fig. 4B). Importantly, the frequency of encountering
temperatures above both 10°C and 15°C was greater for juvenile than for adult salmon from
these two populations, but neither thermal record shows a modal river temperature at which AS
was found to be highest. Instead, AS was either maintained or increased modestly above the

modal river temperatures.
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DISCUSSION

Pacific salmonids (Oncorhynchus spp.) are icons of the Pacific Northwest of North America and
utilize aquatic environments that are diverse across life stages, populations, and species (Quinn,
2005). During their migration from the Pacific Ocean to freshwater spawning grounds, maturing
adult salmon sometimes face extreme environmental challenges (Reed et al., 2011). While there
is some evidence that Pacific salmon can temporarily delay river entry or otherwise alter their
migration behaviour to avoid extreme conditions (Goniea et al., 2006; Mantua et al., 2015), in
most cases salmon make their migration towards their natal freshwater locale on a relatively
fixed schedule (Crozier et al. 2008) and represent a classic example of local adaptation (Wright,
1978). As post-glaciation colonizers of Canada, Pacific salmon are adapted for a life that exploits
cold-water habitats, both during their freshwater phase and their marine phase in the northern
Pacific Ocean. They also exhibit specialized traits that are diverse among genetically distinct
populations and reflect fidelity to natal environments (e.g., Groot and Margolis, 1991; Crossin et
al., 2004). The potential importance of AS logically leads to the prediction that coho salmon
should exhibit local adaptation whereby it reflects population-specific challenges, including a
peak AS over a range of temperatures most commonly encountered and a peak AS that is as
narrow as possible for its life history (Portner and Farrell, 2008). Therefore, the data generated
and synthesized in the present study (Fig. 4) represent a relevant entry into the debate about our
ability to predict temperature-specific performance and fitness using the OCLTT hypothesis
(Franklin and Seebacher, 2009; Clark et al., 2013a,b; Farrell, 2013; Pdrtner and Giomi, 2013;
Jutfelt et al. 2014; Schulte 2015), particularly with respect to Pacific salmon about which there is
considerable prior knowledge of thermal ecology (e.g., Brett, 1995; Richter and Kolmes, 2005).

Adult coho salmon migration

Our data do not support the prediction that AS in Chilliwack River adult coho salmon peaks at,
and declines after, the mode of historically experienced freshwater temperatures during their
migration from the ocean to their natal spawning area. Instead, the highest AS measured here (at
15°C) was closer to the historic upper temperature extreme for the past ~60 years (Fig. 4A) and

the thermal effect on I\)Io2 min Was more than matched by the temperature-related increase in I\)Io2

max. Although the present study is limited to two test temperatures and it was not our objective to

define the shape or breadth of the thermal performance curve for AS, this pattern appears to be
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similar to that reported for Harrison River pink salmon (Clark et al., 2011) and Harrison River
sockeye salmon (Eliason et al., 2013), for which AS increased through an ecologically-relevant
temperature range and peaked at or above the historic extreme high temperature of the river
during the spawning migration. These populations have similarly short migration distances. This
contrasts with several other populations of sockeye salmon that have been examined to date, with
both short and longer migration distances (Eliason et al., 2011) and curiously, the neighbouring
Chehalis River coho salmon (Lee et al., 2003), which was reported to have a peak for AS at a
temperature close to the mode for river migration (~8°C) and was predicted to have just 66% of
peak AS at 13°C (the highest measurement temperature in Lee et al., 2003). We caution that the
peak AS for adult Chilliwack River coho salmon was not identified here, and could lie between
10 and 15°C, or even above 15°C and similar to ~17°C which is where peak AS occurs for
juvenile Seymour River coho salmon (Fig. 4B; Casselman et al., 2012). Indeed, it is possible that
this population of coho salmon maintains high AS across a relatively broad thermal range.
Nevertheless, our experimental design allowed us to test (1) whether AS is highest at the modal
historical river temperature, and (2) whether Toptas integrates and reflects optima for other
ecologically relevant performance traits. Oceanic temperatures for coho salmon likely do not
exceed ~11°C during feeding and coastal migration (Ogura and Ishida, 1992; Welch et al., 1995;
Walker et al., 2000), aside from occasional forays into warmer unmixed coastal surface waters
that would not exceed 16°C (Walker et al., 2000). Why this and other salmon populations appear
to attain peak AS at or above temperatures that they may only occasionally experience is open to
speculation, but it is clear that climatic warming would have to be considerable before this
population of coho salmon would have their aerobic capacity challenged.

The marked difference in thermal performance of AS in adult coho salmon between the
Chilliwack River (present study; ~2.6 kg) and Chehalis River (Lee et al., 2003; ~2.4 kg)
populations warrants further comment. Peak AS for Chehalis River coho occurred at 8°C and,
perhaps simply due to a Quo effect, was slightly lower (7.29 mg Oz kg™ mint; Lee et al., 2003)
than reported here for fish at 10°C (8.56 mg Oz kg™ min™t). Nevertheless, extrapolating the AS
curve for Chehalis River coho beyond the highest measurement temperature (13°C) to 15°C
yields an AS (3.05 mg O, kg min) that is 68% lower than that recorded for adult Chilliwack
River coho salmon in the present study (Fig. 4A). Such a large difference could reflect several

possibilities, some of which are more likely than others. For example, these are genetically
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distinct populations (Beacham et al., 2011), which introduces differences in life history and
ecology. Yet, the spawning-migrations of the Chehalis and Chilliwack River populations (A and
C, respectively, in Fig. 1) occur at similar times (early November for peak fish arrival time), with
similar migration river distances (115 and 125 km for the Chehalis and Chilliwack Rivers,
respectively) and a common migration occurring through the Fraser River main-stem. Also, the
CTmax for juveniles is similar for the two populations (~24°C; McGeer et al., 1991). However,
Chehalis River coho salmon were collected and tested later in the year when temperatures are
typically colder (N = 20 in November and N = 12 in January; i.e., mostly post-peak arrival time;
Lee et al.,, 2003) compared with the Chilliwack fish in the present study (i.e., latter half of
October and tested as late as November 5; i.e., mostly pre-peak arrival time). Since water
temperature tends to decrease throughout the autumn migration period and fish were tested at the
river temperature, but only acutely thermally acclimated in both studies, thermal acclimation
could have played a role in the differences even though the mean river temperature (9°C) at the
time of experimentation was very similar between the two studies. Inter-year or long-term
changes in ocean conditions or foraging success for coho salmon could be a cause of some of the
differences between the two studies (the present study took place 10 years after Lee et al., 2003).
While the condition factor of the fish was similar between studies (c.f. mass and length
measurements), we have no higher-resolution data with which to compare the physical condition
or energy stores between the fish tested here and those used by Lee et al. (2003). While there
have yet to be any studies examining the role of body condition or relative energy stores on the
thermal sensitivity of AS, we would not expect inter-year differences to lead to the major
dichotomy in the thermal response of AS between the two studies in question, especially given
that these two populations share nearly identical life histories.

Methodological and/or analytical factors could be significant contributors to the
discrepancy reported between Chilliwack and Chehalis River coho populations. For example,

newer technologies and better practices allow for more continuous and automated measurements

of I\)Io2 and estimation of I\)Io2 min (€.0., Fig. 2). Using a single I\)Io2 measurement following an
overnight settling period in a swim tunnel to assess I\)Io2 min (&S in Lee et al., 2003) could be
prone to an erroneously high I\)Io2 min €Stimate as I\/Io2 is very labile (see Fig. 1; Brett, 1964). An

overestimate of I\/Io2 min Dy 500% as a result of spontaneous activity is a possibility (Fig. 2),
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which would underestimate AS by more than 300%, and if the Chehalis coho measured at the
warmest temperature were more restless, a false peak AS would be generated. The average I\)Io2
across a 7-h period (hours 9-15 in Fig. 2) was 3.95 mg kg™ min™ at 15°C (1.89 mg kg* min* or
92% higher than Mo, min) and 2.43 mg kg™* minat 10°C (1.11 mg kg* min' or 84% higher than

I\/Io2 min). Thus, while there was a tendency in our dataset for higher variation in I\/Io2 , associated

with spontaneous activity, at the higher test temperature, the difference is not large enough to
explain the discrepancy between the two studies. As a result, we cannot provide a definitive
explanation as to why adult coho salmon from these geographically proximate populations

appear to diverge in their thermal responses of AS.

The present study found no thermal effect on Umax. Meanwhile, the increase in I\)Io2 min

from 10°C to 15°C (~0.77 mg kg min™) accounted for almost 50% of the increase in I\/Io2 max

over this temperature range (~1.83 mg kg min®). This may be an important detail in
understanding why the historically experienced temperatures for the ~5-7 day freshwater
migration and subsequent weeks until spawning do not align with the thermal characteristics of
AS, as would be predicted by OCLTT. To understand this, we must first recognize that fish
allocate energy to a variety of activities, and not just river migration, but information on the
prioritization and quantitative allocation of oxygen to these activities is poorly understood
(Farrell, 2016). A 125 km river migration presumably represents less of an energetic constraint
than the migrations carried out by the populations of sockeye salmon that can migrate up to
~1200 km to the interior of British Columbia and have been reported to show a peak AS that

coincides with the river migration temperature (Eliason et al., 2011). A migration temperature of

10°C might reduce I\/'Io2 min Dy over 50% when compared with 15°C, and lowers GCOTexer by

20% without compromising Umax, energy savings that would prolong life at the spawning area
because the fish are fueled by finite endogenous energy stores. Thus, more energy can be
allocated towards reproductive activities, including finishing gonadal development. Indeed,
salmonid exposure to temperatures above 13°C, which is ~4-5°C above the modal temperature of
the river during migration for these populations of coho salmon, just before or during spawning,
can compromise gamete quality, lowering fertilization success and embryo survival (Richter and

Kolmes, 2005). Also, pathogen growth, which is implicated in pre-spawn mortality of migrating
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adult Fraser River sockeye salmon (Miller et al., 2014), will occur slower at 10°C than at 15°C
(Crossin et al., 2008; Bradford et al., 2010; Jeffries et al., 2012a). Indeed, many salmon diseases
become virulent at water temperatures above 15.6-16.0°C (Richter and Kolmes, 2005) and
fungal infections become especially prevalent at >18°C for sockeye salmon (Jeffries et al.,
2012a).

Thus, based on the data published to date (including the present study), we propose that
peak AS in some populations with particularly challenging migrations may be tied to the modal
river temperature during migration, whereas maximal AS in populations faced with short
migration distances (perhaps <200 km, like the populations examined here; Clark et al., 2011;
Eliason et al., 2013) has an optimal temperature above this mode. Exceptions to this trend do
exist. For example, the Chilko Lake sockeye salmon maintain high AS (and survival) well-above
the temperatures typically experienced despite having one of the most difficult migrations (>600
km distance, >1100 m elevation; Eliason et al., 2011; Martins et al., 2011). Conversely, Chehalis
River coho salmon and Weaver Creek sockeye salmon each face relatively easy migrations
(<150 km distance, <150 m elevation), yet appear to have clearly-defined peaks in AS that
coincide with historical river temperature modes (Lee et al., 2003; Farrell et al., 2008). A further
possibility, discussed below, is that early life temperature experiences may influence how AS
responds to temperature during adulthood. While little is known about how AS changes during
ontogeny or whether early-life thermal experiences can have carry-over effects for AS into
adulthood, we now have rearing temperature data for juvenile coho salmon that can be compared
with previously-obtained AS data (Casselman et al., 2012).

Juvenile coho salmon

Juvenile coho salmon must establish and defend a territory in streams, actively forage, grow, and
evade predators before smoltification and migration to the ocean (Sandercock, 1991). These
activities all require oxygen in excess of I\)Io2 min, Which is why OCLTT predicts that
performance and fitness should be maximized at the same temperature(s) as AS. Here we show
that juvenile coho salmon acclimated to 10°C and with a peak AS at 17°C (Casselman et al.,
2012), 7°C below their CTmax (23.8-24.4°C for six geographically-proximate populations from
British Columbia including Chilliwack and Chehalis River populations that were acclimated to

6°C; Brett, 1952; McGeer et al., 1991), typically experience environmental temperatures well
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below the temperature eliciting peak AS. Both acclimation temperature and genetics will be
important considerations for future work because CTmax Was 3-4°C higher (27.6°C and 27.9°C)
for 11°C-acclimated juvenile coho salmon from two Washington (USA) streams (Konecki et al.,
1995a). Yearling coho salmon had a peak cruising speed (i.e., maintained for 1 h) at ~20°C and
maintained 85% of this capacity over the temperature range 15 to 23°C (Brett et al., 1958).
Similarly, Ugrit for under-yearling coho salmon peaked at ~17°C and ~20°C for acclimation
temperatures of 8 and 11°C, respectively, and near-maximal Ucit was maintained up to 23°C
(Griffiths and Alderdice, 1972). Even so, maximum growth rate for juvenile coho salmon fed to
satiation occurs at ~15°C (Everson, 1973; Edsall et al., 1999), whereas optimal rearing
conditions and preferred laboratory temperatures may be in the 12-15°C range (Richter and
Kolmes, 2005), with the fish behaviourally avoiding temperatures >15°C in such experiments
(Brett, 1952; Konecki et al., 1995b; Richter and Kolmes, 2005). Thus, juvenile coho can have a
thermal range for peak aerobic capacity that extends well above their preferred temperatures and
optimal growth temperatures. Moreover, if coho salmon prefer to perform certain activities at
temperatures below that for peak AS, it is not unreasonable to expect in-stream rearing
conditions for juvenile coho in the Seymour River to be at a lower temperature too. Indeed,
stream temperatures were never higher than 18°C in these watersheds and typically were
between 7 and 15°C during the summer growing period (Fig. 4B). These temperatures would
optimize growth, not AS. Of course, the temperatures reported here are not necessarily
representative of all the extreme thermal events that can happen across the range of habitats used
by coho salmon. For example, experimental logging increased the Carnation Creek (British
Columbia, Canada) peak summer temperatures from ~10 to ~15°C, and in winter from ~5 to
~7°C, which resulted in earlier coho salmon emergence, a longer growing season, and a 47%
increase in smolt numbers (Holtby, 1988). Similarly, following a volcanic eruption, summer
temperatures in three Washington (USA) streams typically exceeded 20°C (and even reached
29.5°C in some areas), yet coho salmon growth was similar to other watersheds at cooler
temperatures considered optimal for growth (Bisson et al., 1988).

Consequently, juvenile and adult coho salmon apparently have an AS that is highest at
the upper extreme temperatures that the fish may only occasionally encounter during their life
cycle. Thus, ecological considerations must recognize how thermal habitats are behaviourally

exploited by an animal, extending the focus beyond the temperature, or range of temperatures,
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for peak AS, which informs us of the capacity of an animal to supply oxygen to tissues. Rigorous
attempts to define thermal niches should extend beyond AS and involve consideration of
multiple thermally sensitive indicators of performance and fitness such as disease and fungal
resistance, growth performance, survival, osmoregulation, and cellular ion homeostasis (e.g.,
Selong et al., 2001; Martins et al., 2011; Jeffries et al., 2012a,b; Vornanen et al., 2014). Across
taxa, we need to understand why limitations to oxygen transport capacity (specifically AS)
appear to align with temperature-specific fitness outcomes in some studies (Portner and Knust,
2007; Eliason et al., 2011; Martins et al., 2011; Khan et al., 2014; Chen et al., 2015) but not in
others (MacNultt et al., 2006; Clark et al., 2011; Overgaard et al., 2012; Ern et al., 2014; Gréns et
al., 2014; Norin et al., 2014). Improving our understanding of how AS changes across life stages
(e.g., Killen et al., 2007; Clark et al., 2012; Drost et al., 2016) and what proportion of AS needs
to be allocated to a specific activity (Farrell, 2016) will ensure an appreciation of why oxygen
supply is not necessarily limiting to fitness-relevant traits (Clark et al., 2013a). In this regard, the
diverse life histories of Pacific salmon (Groot and Margolis, 1991) will continue to provide
useful models for understanding thermal adaptation and how physiological attributes are
modulated across life stages, populations, and species in a rapidly warming climate.
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LIST OF SYMBOLS AND ABBREVIATIONS
AS — Aerobic scope

I\)Io2 - Rate of oxygen consumption
I\)Io2 min — Minimum rate of oxygen consumption

Mo, max — Maximum rate of oxygen consumption

Topt — Optimum temperature

Topt.as — Optimum temperature for aerobic scope

OCLTT - Oxygen- and capacity-limited thermal tolerance

FL — Fork length

CLL — Cultus Lake Laboratory

Umax — Maximum swimming speed

pO. — Oxygen partial pressure

GCOTexer — Gross cost of transport at maximum swimming speed
NCOTexer — Net cost of transport at maximum swimming speed
Q10 — The factor by which a given parameter changes with a warming of 10°C
FAS — Factorial aerobic scope

CTmax — Critical thermal maximum

Ucrit — Critical swimming speed

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S




ACKNOWLEDGMENTS

We thank Bob Stanton, Ron Valer, and the staff of the Chilliwack River Hatchery for facilitating
access to the animals used in this study. Natalie Sopinka, Nolan Bett, Michael Lawrence, and
Andrew Lotto assisted with fish capture and transport, and Natalie Sopinka assisted with
conducting the swim tunnel trials. Bryan Smith and the staff of the Cultus Lake Laboratory
provided logistical support. Marc Guimond of the Seymour River Hatchery provided hatchery
temperature records and information about the phenology of that population. Lisa Thompson and
David Patterson of Fisheries and Oceans Canada’s Environmental Watch program provided

temperature records for the Fraser and Chilliwack Rivers.

COMPETING INTERESTS

The authors declare no competing interests.

AUTHORS CONTRIBUTIONS

G.D.R. and T.D.C. designed and conducted the experiment and analyzed the data, and used some
equipment provided by A.P.F. and S.G.H. Further data were collected by M.T.C. G.D.R. wrote
the article with input from all co-authors.

FUNDING

This work was supported by a Natural Sciences and Engineering Research Council of Canada
(NSERC) Strategic Grant (to S.J.C., S.G.H., and A.P.F.) and by Ocean Tracking Network
Canada. G.D.R. was supported by an NSERC post-graduate scholarship and on Ontario Graduate
Scholarship. T.D.C. received support from the Australian Institute of Marine Science. S.J.C. and

A.P.F. were supported by the Canada Research Chairs program.

Qo
©
)
[
©
(0]
()
C
©
>
©
<
L]
)
(@)}
O
0
[a1]
©
)
C
(0]
£
=
()
o
X
L
(T
o
©
c
-
=]
O
=




REFERENCES
Beacham, T. D., Wetklo, M., Deng, L. and MacConnachie, C. (2011). Coho salmon population

structure in North America determined from microsatellites. Trans. Am. Fish. Soc. 140, 253-

270.
Bisson, P. A., Nielsen, J. L. and Ward, J. W. (1988). Summer production of coho salmon stocked

in Mount S. Helens streams 3-6 years after the 1980 eruption. Trans. Am. Fish. Soc. 117,
322-335.
Bradford, M. J. and Irvine, J. R. (2000). Land use, fishing, climate change, and the decline of

Thompson River, British Columbia, coho salmon. Can. J. Fish. Aquat. Sci. 57, 13-16.
Bradford, M. J., Lovy, J., Patterson, D. A., Speare, D. J., Bennett, W. R., Stobbart, A. R. and
Tovey, C. P. (2010). Parvicapsula minibicornis infections in gill and kidney and the

premature mortality of adult sockeye salmon (Oncorhynchus nerka) from Cultus Lake,
British Columbia. Can. J. Fish. Aquat. Sci. 67, 673-683.

Brett, J. R. (1952). Temperature tolerance in young Pacific salmon, genus Oncorhynchus. J.
Fish. Res. Bd. Can. 9, 265-323.

Brett, J. R. (1964). The respiratory metabolism and swimming performance of young sockeye
salmon. J. Fish. Res. Board Can. 21, 1183-1226.

Brett, J. R. (1995). Energetics. In Physiological Ecology of Pacific Salmon (ed. C. Groot, L.

Margolis and W. C. Clark, W. C.), pp 1-68. Vancouver: University of British Columbia
Press.

Brett, J. R., Hollands, M. and Alderdice, D. F. (1958). The effect of temperature on the cruising
speed of young sockeye and coho salmon. J. Fish. Res. Board Can. 15, 587-605.

Bryant, M. D. (2009). Global climate change and potential effects on Pacific salmonids in

freshwater ecosystems of southeast Alaska. Clim. Chang. 95, 169-193.

Casselman, M. T., Antilla, K. and Farrell, A. P. (2012). Using maximum heart rate as a rapid

screening tool to determine optimum temperature for aerobic scope in Pacific salmon
Oncorhynchus spp. J. Fish. Biol. 80, 358-377.

Chen, Z., Snow, M., Lawrence, C. S., Church, A. R., Narum, S. R, Devlin, R. H. and Farrell, A.
P. (2015). Selection for upper thermal tolerance in rainbow trout (Oncorhynchus mykiss
Walbaum). J. Exp. Biol. 218, 803-812.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/233441576_Coho_Salmon_Population_Structure_in_North_America_Determined_from_Microsatellites?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233441576_Coho_Salmon_Population_Structure_in_North_America_Determined_from_Microsatellites?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233441576_Coho_Salmon_Population_Structure_in_North_America_Determined_from_Microsatellites?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/254328744_Summer_Production_of_Coho_Salmon_Stocked_in_Mt_St_Helens_Streams_3-6_Years_after_the_1980_Eruption?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/254328744_Summer_Production_of_Coho_Salmon_Stocked_in_Mt_St_Helens_Streams_3-6_Years_after_the_1980_Eruption?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/254328744_Summer_Production_of_Coho_Salmon_Stocked_in_Mt_St_Helens_Streams_3-6_Years_after_the_1980_Eruption?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233814940_Land_use_climate_change_and_the_decline_of_Thompson_River_British_Columbia_coho_salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233814940_Land_use_climate_change_and_the_decline_of_Thompson_River_British_Columbia_coho_salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237153404_Role_of_Parvicapsula_minibicornis_infections_in_gill_and_kidney_on_the_premature_mortality_of_adult_sockeye_salmon_Oncorhynchus_nerka_from_Cultus_Lake_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237153404_Role_of_Parvicapsula_minibicornis_infections_in_gill_and_kidney_on_the_premature_mortality_of_adult_sockeye_salmon_Oncorhynchus_nerka_from_Cultus_Lake_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237153404_Role_of_Parvicapsula_minibicornis_infections_in_gill_and_kidney_on_the_premature_mortality_of_adult_sockeye_salmon_Oncorhynchus_nerka_from_Cultus_Lake_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237153404_Role_of_Parvicapsula_minibicornis_infections_in_gill_and_kidney_on_the_premature_mortality_of_adult_sockeye_salmon_Oncorhynchus_nerka_from_Cultus_Lake_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237176662_Temperature_Tolerance_in_Young_Pacific_Salmon_Genus_Oncorhynchus?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237176662_Temperature_Tolerance_in_Young_Pacific_Salmon_Genus_Oncorhynchus?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237177399_The_Respiratory_Metabolism_and_Swimming_Performance_of_Young_Sockeye_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237177399_The_Respiratory_Metabolism_and_Swimming_Performance_of_Young_Sockeye_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237176915_The_Effect_of_Temperature_on_the_Cruising_Speed_of_Young_Sockeye_and_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237176915_The_Effect_of_Temperature_on_the_Cruising_Speed_of_Young_Sockeye_and_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/225309541_Global_climate_change_and_potential_effects_on_Pacific_salmonids_in_freshwater_ecosystems_of_southeat_Alaska?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/225309541_Global_climate_change_and_potential_effects_on_Pacific_salmonids_in_freshwater_ecosystems_of_southeat_Alaska?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221769426_Using_maximum_heart_rate_as_a_rapid_screening_tool_to_determine_optimum_temperature_for_aerobic_scope_in_Pacific_salmon_Oncorhynchus_spp?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221769426_Using_maximum_heart_rate_as_a_rapid_screening_tool_to_determine_optimum_temperature_for_aerobic_scope_in_Pacific_salmon_Oncorhynchus_spp?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221769426_Using_maximum_heart_rate_as_a_rapid_screening_tool_to_determine_optimum_temperature_for_aerobic_scope_in_Pacific_salmon_Oncorhynchus_spp?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/270657109_Selection_for_upper_thermal_tolerance_in_rainbow_trout_Oncorhynchus_mykiss_Walbaum?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/270657109_Selection_for_upper_thermal_tolerance_in_rainbow_trout_Oncorhynchus_mykiss_Walbaum?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/270657109_Selection_for_upper_thermal_tolerance_in_rainbow_trout_Oncorhynchus_mykiss_Walbaum?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Claireaux, G. and Lefrancois, C. (2007). Linking environmental variability and fish performance:

integration through the concept of scope for activity. Phil. Trans. R. Soc. B. 29, 2031-2041.
Clark, T. D., Jeffries, K. M., Hinch, S. G. and Farrell, A. P. (2011). Exceptional aerobic scope
and cardiovascular performance of pink salmon (Oncorhynchus gorbuscha) may underlie

resilience in a warming climate. J. Exp. Biol. 214, 3074-3081.
Clark, T. D., Donaldson, M. R., Pieperhoff, S., Drenner, S. M., Lotto, A., Cooke, S. J., Hinch, S.
G., Patterson, D. A. and Farrell, A. P. (2012). Physiological benefits of being small in a

changing world: responses of coho salmon (Oncorhynchus kisutch) to an acute thermal
challenge and a simulated capture event. PLOS ONE 7, €39079.

Clark, T. D., Sandblom, E. and Jutfelt, F. (2013a). Aerobic scope measurements of fishes in an

era of climate change: respirometry, relevance and recommendations. J. Exp. Biol. 216,
2771-2782.

Clark, T. D., Sandblom, E. and Jutfelt, F. (2013b). Response to Farrell and to Portner and Giomi.
J. Exp. Biol. 216, 4495-4497.

Crossin, G. T., Hinch, S. G., Farrell, A. P., Higgs, D. A., Lotto, A. G., Oakes, J. D. and Healey,
M. C. (2004). Energetics and morphology of sockeye salmon: effects of upriver migratory
distance and elevation. J. Fish. Biol. 65, 788-810.

Crossin, G. T., Hinch, S. G., Cooke, S. J., Welch, D. W., Patterson, D. A., Jones, S. R. M., Lotto,
A. G., Leggatt, R. A., Mathes, M. T., Shrimpton, J. M., et al. (2008). Exposure to high
temperature influence the behaviour, physiology, and survival of sockeye salmon during

spawning migrations. Can. J. Zool. 86, 127-140.
Crozier, L. G., Hendry, A. P., Lawson, P. W., Quinn, T. P., Mantua, N. J., Battin, J., Shaw, R. G.

and Huey, R. B. (2008). Potential responses to climate change in organisms with complex

life histories: evolution and plasticity in Pacific salmon. Evol. Appl. 1, 252-270.

Drost, H., Fishery, J., Randall, F., Kent, D., Carmack, E. C. and Farrell, A. P. (2016). Upper
thermal limits of the hearts of Arctic cod Boreogadus saida: Adults compared with larvae. J.
Fish Biol. 88, 718-726.

Donaldson, M. R., Cooke, S. J., Patterson, D. A., Hinch, S. G., Robichaud, D., Hanson, K. C.,
Olsson, 1., Crossin, G. T., English, K. K. and Farrell, A. P. (2009). Limited behavioural
thermoregulation by adult upriver-migrating sockeye salmon (Oncorhynchus nerka) in the
Lower Fraser River, British Columbia. Can. J. Zool. 87, 480-490.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/6356963_Linking_environmental_variability_and_fish_performance_integration_through_the_concept_of_scope_for_activity_Philos_T_Roy_Soc_B?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6356963_Linking_environmental_variability_and_fish_performance_integration_through_the_concept_of_scope_for_activity_Philos_T_Roy_Soc_B?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51593903_Exceptional_aerobic_scope_and_cardiovascular_performance_of_pink_salmon_Oncorhynchus_gorbuscha_may_underlie_resilience_in_warming_climate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51593903_Exceptional_aerobic_scope_and_cardiovascular_performance_of_pink_salmon_Oncorhynchus_gorbuscha_may_underlie_resilience_in_warming_climate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51593903_Exceptional_aerobic_scope_and_cardiovascular_performance_of_pink_salmon_Oncorhynchus_gorbuscha_may_underlie_resilience_in_warming_climate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227712648_Physiological_Benefits_of_Being_Small_in_a_Changing_World_Responses_of_Coho_Salmon_Oncorhynchus_kisutch_to_an_Acute_Thermal_Challenge_and_a_Simulated_Capture_Event?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227712648_Physiological_Benefits_of_Being_Small_in_a_Changing_World_Responses_of_Coho_Salmon_Oncorhynchus_kisutch_to_an_Acute_Thermal_Challenge_and_a_Simulated_Capture_Event?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227712648_Physiological_Benefits_of_Being_Small_in_a_Changing_World_Responses_of_Coho_Salmon_Oncorhynchus_kisutch_to_an_Acute_Thermal_Challenge_and_a_Simulated_Capture_Event?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227712648_Physiological_Benefits_of_Being_Small_in_a_Changing_World_Responses_of_Coho_Salmon_Oncorhynchus_kisutch_to_an_Acute_Thermal_Challenge_and_a_Simulated_Capture_Event?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/248396411_Aerobic_scope_measurements_of_fishes_in_an_era_of_climate_change_respirometry_relevance_and_recommendations_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/248396411_Aerobic_scope_measurements_of_fishes_in_an_era_of_climate_change_respirometry_relevance_and_recommendations_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/248396411_Aerobic_scope_measurements_of_fishes_in_an_era_of_climate_change_respirometry_relevance_and_recommendations_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228989923_Energetics_and_morphology_of_Sockeye_Salmon_effects_of_migratory_distance_and_elevation?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228989923_Energetics_and_morphology_of_Sockeye_Salmon_effects_of_migratory_distance_and_elevation?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228989923_Energetics_and_morphology_of_Sockeye_Salmon_effects_of_migratory_distance_and_elevation?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233506646_Exposure_to_high_temperature_influences_the_behaviour_physiology_and_survival_of_sockeye_salmon_during_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233506646_Exposure_to_high_temperature_influences_the_behaviour_physiology_and_survival_of_sockeye_salmon_during_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233506646_Exposure_to_high_temperature_influences_the_behaviour_physiology_and_survival_of_sockeye_salmon_during_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233506646_Exposure_to_high_temperature_influences_the_behaviour_physiology_and_survival_of_sockeye_salmon_during_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227673267_PERSPECTIVE_Potential_responses_to_climate_change_in_organisms_with_complex_life_histories_evolution_and_plasticity_in_Pacific_salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227673267_PERSPECTIVE_Potential_responses_to_climate_change_in_organisms_with_complex_life_histories_evolution_and_plasticity_in_Pacific_salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227673267_PERSPECTIVE_Potential_responses_to_climate_change_in_organisms_with_complex_life_histories_evolution_and_plasticity_in_Pacific_salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/284728486_Upper_thermal_limits_of_the_hearts_of_Arctic_cod_Boreogadus_saida_Adults_compared_with_larvae?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/284728486_Upper_thermal_limits_of_the_hearts_of_Arctic_cod_Boreogadus_saida_Adults_compared_with_larvae?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/284728486_Upper_thermal_limits_of_the_hearts_of_Arctic_cod_Boreogadus_saida_Adults_compared_with_larvae?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237154280_Limited_behavioural_thermoregulation_by_adult_upriver-migrating_sockeye_salmon_Oncorhynchus_nerka_in_the_Lower_Fraser_River_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237154280_Limited_behavioural_thermoregulation_by_adult_upriver-migrating_sockeye_salmon_Oncorhynchus_nerka_in_the_Lower_Fraser_River_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237154280_Limited_behavioural_thermoregulation_by_adult_upriver-migrating_sockeye_salmon_Oncorhynchus_nerka_in_the_Lower_Fraser_River_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237154280_Limited_behavioural_thermoregulation_by_adult_upriver-migrating_sockeye_salmon_Oncorhynchus_nerka_in_the_Lower_Fraser_River_British_Columbia?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Edsall, T. A., Frank, A. M., Rottiers, D. V. and Adams, J. V. (1999). The effect of temperature
and ration size on the growth, body composition, and energy content of juvenile coho
salmon. J. Great Lakes Res. 25, 355-362.

Eliason, E. J., Clark, T. D., Hague, M. J., Hanson, L. M., Gallagher, Z. S., Jeffries, K. M., Gale,
M. K., Patterson, D. A., Hinch, S. G. and Farrell, A. P. (2011). Differences in thermal
tolerance among sockeye salmon populations. Science 332, 109-112.

Eliason, E. J., Wilson, S. M., Farrell, A. P., Cooke, S. J. and Hinch, S. G. (2013). Low cardiac
and aerobic scope in a coastal population of sockeye salmon Oncorhynchus nerka with a
short upriver migration. J. Fish. Biol. 82, 2104-2112.

Ern, R., Huong, D. T. T., Phuong, N. T., Wang, T. and Bayley, M. (2014). Oxygen delivery does
not limit thermal tolerance in a tropical eurythermal crustacean. J. Exp. Biol. 217, 809-814.

Everson, L. B. (1973). Growth and food consumption of juvenile coho salmon exposed to natural

and elevated fluctuating temperatures. M.S. thesis. Oregon State University, Corvallis. 68 pp.

Fangue, N. A., Hofmeister, M. and Schulte, P. M. (2006). Intraspecific variation in thermal
tolerance and heat shock protein gene expression in common Killifish, Fundulus heteroclitus.
J. Exp. Biol. 209, 2859-2872.

Farrell, A. P. (2008). Comparisons of swimming performance in rainbow trout using constant

acceleration and critical swimming speed tests. J. Fish Biol. 72, 693-710.

Farrell, A. P. (2009). Environment, antecedents and climate change: lessons from the study of

temperature physiology and river migration of salmonids. J. Exp. Biol. 212, 3771-80.

Farrell, A. P. (2013). Aerobic scope and its optimum temperature: clarifying their usefulness and
limitations. J. Exp. Biol. 216, 4493-4494,

Farrell, A. P. (2016). Pragmatic perspective on aerobic scope: peaking, plummeting, pejus and
apportioning. J. Fish Biol. 88, 322-343.

Farrell, A. P., Lee, C. G., Tierney, K., Hodaly, A., Clutterham, S., Healey, M., Hinch, S. and
Lotto, A. (2003). Field-based measurements of oxygen uptake and swimming performance

with adult Pacific salmon using a mobile respirometer swim tunnel. J. Fish Biol. 62, 64-84.
Farrell, A. P., Hinch, S. G., Cooke, S. J., Patterson, D.A., Crossin, G. T., Lapointe, M. and
Mathes, M. T. (2008). Pacific salmon in hot water: applying aerobic scope models and

biotelemetry to predict the success of spawning migrations. Physiol. Biochem. Zool. 81, 697-
708.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/248598593_The_Effect_of_Temperature_and_Ration_Size_on_the_Growth_Body_Composition_and_Energy_Content_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/248598593_The_Effect_of_Temperature_and_Ration_Size_on_the_Growth_Body_Composition_and_Energy_Content_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/248598593_The_Effect_of_Temperature_and_Ration_Size_on_the_Growth_Body_Composition_and_Energy_Content_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/50940012_Differences_in_Thermal_Tolerance_Among_Sockeye_Salmon_Populations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/50940012_Differences_in_Thermal_Tolerance_Among_Sockeye_Salmon_Populations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/50940012_Differences_in_Thermal_Tolerance_Among_Sockeye_Salmon_Populations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237015428_Low_cardiac_and_aerobic_scope_in_a_coastal_population_of_sockeye_salmon_Oncorhynchus_nerka_with_a_short_upriver_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237015428_Low_cardiac_and_aerobic_scope_in_a_coastal_population_of_sockeye_salmon_Oncorhynchus_nerka_with_a_short_upriver_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237015428_Low_cardiac_and_aerobic_scope_in_a_coastal_population_of_sockeye_salmon_Oncorhynchus_nerka_with_a_short_upriver_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258337158_Oxygen_delivery_does_not_limit_thermal_tolerance_in_a_tropical_eurythermal_crustacean?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258337158_Oxygen_delivery_does_not_limit_thermal_tolerance_in_a_tropical_eurythermal_crustacean?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/255227032_Growth_and_food_consumption_of_juvenile_coho_salmon_exposed_to_natural_and_elevated_fluctuating_temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/255227032_Growth_and_food_consumption_of_juvenile_coho_salmon_exposed_to_natural_and_elevated_fluctuating_temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227689665_Comparisons_of_swimming_performance_in_rainbow_trout_using_constant_acceleration_and_critical_swimming_speed_tests_J_Fish_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227689665_Comparisons_of_swimming_performance_in_rainbow_trout_using_constant_acceleration_and_critical_swimming_speed_tests_J_Fish_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/38091061_Environment_antecedents_and_climate_change_lessons_from_the_study_of_temperature_physiology_and_river_migration_of_salmonids_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/38091061_Environment_antecedents_and_climate_change_lessons_from_the_study_of_temperature_physiology_and_river_migration_of_salmonids_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258824810_Aerobic_scope_and_its_optimum_temperature_Clarifying_their_usefulness_and_limitations_-_Aorrespondence_on_J_Exp_Biol_216_2771-2782?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258824810_Aerobic_scope_and_its_optimum_temperature_Clarifying_their_usefulness_and_limitations_-_Aorrespondence_on_J_Exp_Biol_216_2771-2782?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/284434519_Pragmatic_perspective_on_aerobic_scope_Peaking_plummeting_pejus_and_apportioning?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/284434519_Pragmatic_perspective_on_aerobic_scope_Peaking_plummeting_pejus_and_apportioning?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227522362_Field-based_measurements_of_oxygen_uptake_and_swimming_performance_with_adult_Pacific_salmon_using_a_mobile_respirometer_swim_tunnel_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227522362_Field-based_measurements_of_oxygen_uptake_and_swimming_performance_with_adult_Pacific_salmon_using_a_mobile_respirometer_swim_tunnel_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227522362_Field-based_measurements_of_oxygen_uptake_and_swimming_performance_with_adult_Pacific_salmon_using_a_mobile_respirometer_swim_tunnel_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/23384900_Pacific_Salmon_in_Hot_Water_Applying_Aerobic_Scope_Models_and_Biotelemetry_to_Predict_the_Success_of_Spawning_Migrations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/23384900_Pacific_Salmon_in_Hot_Water_Applying_Aerobic_Scope_Models_and_Biotelemetry_to_Predict_the_Success_of_Spawning_Migrations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/23384900_Pacific_Salmon_in_Hot_Water_Applying_Aerobic_Scope_Models_and_Biotelemetry_to_Predict_the_Success_of_Spawning_Migrations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/23384900_Pacific_Salmon_in_Hot_Water_Applying_Aerobic_Scope_Models_and_Biotelemetry_to_Predict_the_Success_of_Spawning_Migrations?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Ferreira, E. O., Anttila, K. and Farrell, A. P. (2014). Thermal optima and tolerance in the

eurythermic goldfish (Carassius auratus): relationships between whole-animal aerobic

capacity and maximum heart rate. Physiol. Biochem. Zool. 87, 599-611.

Franklin, C. E. and Seebacher, F. (2009). Adapting to climate change. Science 323, 876.

Fry, F. E. J. (1947). Effects of the environment on animal activity. Publ. Ontario Fish. Res. Lab.
68, 1-62.

Fry, F. E. J. (1948). Temperature relations of salmonids. Proc. Canad. Com. Freshwater Fish.
Res., 1 Meet., Appendix D.

Fry, F. E. J. and Hart, J. S. (1948). The relation of temperature to oxygen consumption in the
goldfish. Biol. Bull. 94, 66-77.

Goniea, T. M., Keefer, M. L., Bjornn, T. C., Peery, C. A., Bennett, D. H. and Stuehrenberg, L. C.

(2006). Behavioral thermoregulation and slowed migration by adult fall chinook salmon in

response to high Columbia River water temperatures. Trans. Am. Fish. Soc. 135, 408-419.
Grans, A., Jutfelt, F., Sandblom, E., Johnsson, E., Wiklander, K., Seth, H., Olsson, C., Dupont,
S., Ortega-Martinez, O., Einarsdottir, 1., et al. (2014). Aerobic scope fails to explain the

detrimental effects on growth resulting from warming and elevated CO; in Atlantic halibut. J.
Exp. Biol. 217, 711-717.
Griffiths, J. S. and Alderdice, D. F. (1972). Effects of acclimation and acute temperature

experience on the swimming speed of juvenile coho salmon. J. Fish. Res. Bd. Canada 29,
251-264.
Groot, C. and Margolis, L. (1991). Pacific Salmon Life Histories. Vancouver: UBC Press.

Healy, T. M. and Schulte, P. M. (2012). Thermal acclimation is not necessary to maintain a wide

breadth of aerobic scope in the common killifish (Fundulus heteroclitus). Physiol. Biochem.
Zool. 85, 107-119.

Hinch, S. G., Cooke, S.J., Farrell, A. P., Miller, K. M., Lapointe, M. and Patterson, D. A. (2012).
Dead fish swimming: a review of research on the early migration and high premature

mortality in adult Fraser River sockeye salmon Oncorhynchus nerka. J. Fish Biol. 81, 576-
599.
Holtby, L. B. (1988). Effects of logging on stream temperatures in Carnation Creek, British

Columbia, and associated impacts on the coho salmon (Oncorhynchus kisutch). Can. J. Fish.
Aquat. Sci. 45, 502-515.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/266028147_Thermal_Optima_and_Tolerance_in_the_Eurythermic_Goldfish_Carassius_auratus_Relationships_between_Whole-Animal_Aerobic_Capacity_and_Maximum_Heart_Rate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/266028147_Thermal_Optima_and_Tolerance_in_the_Eurythermic_Goldfish_Carassius_auratus_Relationships_between_Whole-Animal_Aerobic_Capacity_and_Maximum_Heart_Rate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/266028147_Thermal_Optima_and_Tolerance_in_the_Eurythermic_Goldfish_Carassius_auratus_Relationships_between_Whole-Animal_Aerobic_Capacity_and_Maximum_Heart_Rate?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/24004950_Adapting_to_Climate_Change?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/239222569_Effects_of_the_Environment_on_Animal_Activity?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/239222569_Effects_of_the_Environment_on_Animal_Activity?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/42591600_The_relation_of_temperature_to_oxygen_consumption_in_the_goldfish_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/42591600_The_relation_of_temperature_to_oxygen_consumption_in_the_goldfish_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253632721_Behavioral_Thermoregulation_and_Slowed_Migration_by_Adult_Fall_Chinook_Salmon_in_Response_to_High_Columbia_River_Water_Temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253632721_Behavioral_Thermoregulation_and_Slowed_Migration_by_Adult_Fall_Chinook_Salmon_in_Response_to_High_Columbia_River_Water_Temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253632721_Behavioral_Thermoregulation_and_Slowed_Migration_by_Adult_Fall_Chinook_Salmon_in_Response_to_High_Columbia_River_Water_Temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/260396345_Aerobic_scope_fails_to_explain_the_detrimental_effects_on_growth_resulting_from_warming_and_elevated_CO2_in_Atlantic_halibut?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/260396345_Aerobic_scope_fails_to_explain_the_detrimental_effects_on_growth_resulting_from_warming_and_elevated_CO2_in_Atlantic_halibut?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/260396345_Aerobic_scope_fails_to_explain_the_detrimental_effects_on_growth_resulting_from_warming_and_elevated_CO2_in_Atlantic_halibut?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237178928_Effects_of_Acclimation_and_Acute_Temperature_Experience_on_the_Swimming_Speed_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237178928_Effects_of_Acclimation_and_Acute_Temperature_Experience_on_the_Swimming_Speed_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237178928_Effects_of_Acclimation_and_Acute_Temperature_Experience_on_the_Swimming_Speed_of_Juvenile_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/274561372_Pacific_Salmon_Life_History?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221896351_Thermal_Acclimation_Is_Not_Necessary_to_Maintain_a_Wide_Thermal_Breadth_of_Aerobic_Scope_in_the_Common_Killifish_Fundulus_heteroclitus?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221896351_Thermal_Acclimation_Is_Not_Necessary_to_Maintain_a_Wide_Thermal_Breadth_of_Aerobic_Scope_in_the_Common_Killifish_Fundulus_heteroclitus?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/221896351_Thermal_Acclimation_Is_Not_Necessary_to_Maintain_a_Wide_Thermal_Breadth_of_Aerobic_Scope_in_the_Common_Killifish_Fundulus_heteroclitus?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/249531085_Effects_of_Logging_on_Stream_Temperatures_in_Carnation_Creek_British_Columbia_and_Associated_Impacts_on_the_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/249531085_Effects_of_Logging_on_Stream_Temperatures_in_Carnation_Creek_British_Columbia_and_Associated_Impacts_on_the_Coho_Salmon?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Huey, R. B. and Kingsolver, J. G. (1989). Evolution of thermal sensitivity of ectotherm

performance. Trends. Ecol. Evol. 4, 131-135.
Jeffries, K. M., Hinch, S. G., Martins, E. G., Clark, T. D., Lotto, A. G., Patterson, D. A., Cooke,
S. J., Farrell, A. P. and Miller, K. M. (2012a). Sex and proximity to reproductive maturity

influence the survival, final maturation, and blood physiology of Pacific salmon when

exposed to high temperature during a simulated migration. Physiol. Biochem. Zool. 85, 62-
73.

Jeffries, K. M., Hinch, S. G., Sierocinski, T., Clark, T. D., Eliason, E. J., Donaldson, M. R., Li,
S., Pavlidis, P. and Miller, K. M. (2012b). Consequences of high temperatures and premature

mortality on the transcriptome and blood physiology of wild adult sockeye salmon
(Oncorhynchus nerka). Ecol. Evol. 2, 1747-1764.
Jones, D. R., Kiceniuk, J. W. and Bamford, O. S. (1974). Evaluation of the swimming

performance of several fish species from the Mackenzie River. J. Fish. Res. Board Can. 31,
1641-1647.

Jutfelt, F., Gréns, A., Johnsson, E., Wiklander, K., Seth, H., Olsson, C., Dupont, S., Ortega-
Martinez, O., Sundell, K., Axelsson, M. and Sandblom, E. (2014). Response to ‘How and

how not to investigate the oxygen and capacity limitation of thermal tolerance (OCLTT) and

aerobic scope — remarks on the article by Gréns et al.” J. Exp. Biol. 217, 4433-4435.
Killen, S. S., Costa, 1., Brown, J. A. and Gamperl, A. K. (2007). Little left in the tank: metabolic

scaling in marine teleosts and its implications for aerobic scope. Proc. Roy. Soc. B. 274, 431-
438.

Khan, J. R., Pether, S., Bruce, M., Walker, S. P. and Herbert, N. A. (2014). Optimum
temperatures for growth and feed conversion in cultured hapuku (Polyprion oxygeneios) — is

there a link to aerobic metabolic scope and final temperature preference? Aquaculture 430,
107-113.
Konecki, J. T., Woody, C. A. and Quinn, T. P. (1995a). Critical thermal maxima of coho salmon

(Oncorhynchus kisutch) fry under field and laboratory acclimation regimes. Can. J. Zool. 73,
993-996.
Konecki, J. T., Woody, C. A. and Quinn, T. P. (1995b). Temperature preference in two

populations of juvenile coho salmon, Oncorhynchus kisutch. Environ. Biol. Fish. 44, 417-
421.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/49748036_Evolution_of_Thermal_Sensitivity_of_Ectotherm_Performance?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/49748036_Evolution_of_Thermal_Sensitivity_of_Ectotherm_Performance?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/216719407_Sex_and_proximity_to_reproductive_maturity_influence_survival_final_maturation_and_blood_physiology_of_Pacific_salmon_when_exposed_to_high_temperature_during_a_simulated_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/216719407_Sex_and_proximity_to_reproductive_maturity_influence_survival_final_maturation_and_blood_physiology_of_Pacific_salmon_when_exposed_to_high_temperature_during_a_simulated_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/216719407_Sex_and_proximity_to_reproductive_maturity_influence_survival_final_maturation_and_blood_physiology_of_Pacific_salmon_when_exposed_to_high_temperature_during_a_simulated_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/216719407_Sex_and_proximity_to_reproductive_maturity_influence_survival_final_maturation_and_blood_physiology_of_Pacific_salmon_when_exposed_to_high_temperature_during_a_simulated_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/216719407_Sex_and_proximity_to_reproductive_maturity_influence_survival_final_maturation_and_blood_physiology_of_Pacific_salmon_when_exposed_to_high_temperature_during_a_simulated_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/230812358_Consequences_of_high_temperatures_and_premature_mortality_on_the_transcriptome_and_blood_physiology_of_wild_adult_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/230812358_Consequences_of_high_temperatures_and_premature_mortality_on_the_transcriptome_and_blood_physiology_of_wild_adult_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/230812358_Consequences_of_high_temperatures_and_premature_mortality_on_the_transcriptome_and_blood_physiology_of_wild_adult_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/230812358_Consequences_of_high_temperatures_and_premature_mortality_on_the_transcriptome_and_blood_physiology_of_wild_adult_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237179646_Evaluation_of_the_Swimming_Performance_of_Several_Fish_Species_from_the_Mackenzie_River?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237179646_Evaluation_of_the_Swimming_Performance_of_Several_Fish_Species_from_the_Mackenzie_River?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237179646_Evaluation_of_the_Swimming_Performance_of_Several_Fish_Species_from_the_Mackenzie_River?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/269702944_Response_to_'How_and_how_not_to_investigate_the_oxygen_and_capacity_limitation_of_thermal_tolerance_OCLTT_and_aerobic_scope_-_Remarks_on_the_article_by_Grans_et_al?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/269702944_Response_to_'How_and_how_not_to_investigate_the_oxygen_and_capacity_limitation_of_thermal_tolerance_OCLTT_and_aerobic_scope_-_Remarks_on_the_article_by_Grans_et_al?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/269702944_Response_to_'How_and_how_not_to_investigate_the_oxygen_and_capacity_limitation_of_thermal_tolerance_OCLTT_and_aerobic_scope_-_Remarks_on_the_article_by_Grans_et_al?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/269702944_Response_to_'How_and_how_not_to_investigate_the_oxygen_and_capacity_limitation_of_thermal_tolerance_OCLTT_and_aerobic_scope_-_Remarks_on_the_article_by_Grans_et_al?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6636045_Little_left_in_the_tank_Metabolic_scaling_in_marine_teleosts_and_its_implications_for_aerobic_scope?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6636045_Little_left_in_the_tank_Metabolic_scaling_in_marine_teleosts_and_its_implications_for_aerobic_scope?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6636045_Little_left_in_the_tank_Metabolic_scaling_in_marine_teleosts_and_its_implications_for_aerobic_scope?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/261920133_Optimum_temperatures_for_growth_and_feed_conversion_in_cultured_hapuku_Polyprion_oxygeneios_-_Is_there_a_link_to_aerobic_metabolic_scope_and_final_temperature_preference?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/261920133_Optimum_temperatures_for_growth_and_feed_conversion_in_cultured_hapuku_Polyprion_oxygeneios_-_Is_there_a_link_to_aerobic_metabolic_scope_and_final_temperature_preference?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/261920133_Optimum_temperatures_for_growth_and_feed_conversion_in_cultured_hapuku_Polyprion_oxygeneios_-_Is_there_a_link_to_aerobic_metabolic_scope_and_final_temperature_preference?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/261920133_Optimum_temperatures_for_growth_and_feed_conversion_in_cultured_hapuku_Polyprion_oxygeneios_-_Is_there_a_link_to_aerobic_metabolic_scope_and_final_temperature_preference?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/238034767_Critical_thermal_maxima_of_coho_salmon_Oncorhynchus_kisutch_fry_under_field_and_laboratory_acclimation_regimes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/238034767_Critical_thermal_maxima_of_coho_salmon_Oncorhynchus_kisutch_fry_under_field_and_laboratory_acclimation_regimes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/238034767_Critical_thermal_maxima_of_coho_salmon_Oncorhynchus_kisutch_fry_under_field_and_laboratory_acclimation_regimes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/225930937_Temperature_preference_in_two_populations_of_juvenile_coho_salmon_Oncorhynchus_kisutch_Env?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/225930937_Temperature_preference_in_two_populations_of_juvenile_coho_salmon_Oncorhynchus_kisutch_Env?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/225930937_Temperature_preference_in_two_populations_of_juvenile_coho_salmon_Oncorhynchus_kisutch_Env?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Lee, C. G, Farrell, A. P., Lotto, A., MacNutt, M. J., Hinch, S. G. and Healey, M. C. (2003). The
effect of temperature on swimming performance and oxygen consumption in adult sockeye
(Oncorhynchus nerka) and coho (O. kisutch) salmon stocks. J. Exp. Biol. 206, 3239-3251.

Lefrancois, C. and Claireaux, G. (2003). Influence of ambient oxygenation and temperature on

metabolic scope and scope for heart rate in the common sole Solea solea. Mar. Ecol. Prog.
Ser. 259, 273-284.
MacNutt, M. J., Hinch, S. G., Lee, C. G., Phibbs, J. R., Lotto, A. G., Healey, M. C. and Farrell,

A. P. (2006). Temperature effects on swimming performance, energetics, and aerobic

capacities of mature adult pink salmon (Oncorhynchus gorbuscha) compared with those of

sockeye salmon (Oncorhynchus nerka). Can. J. Zool. 84, 88-97.

Mantua, N. J., Crozier, L. G., Reed, T. E., Schindler, D. E. and Waples, R. S. (2015)
Correspondence: response of chinook salmon to climate change. Nature Clim. Change 5,
613-615.

Martins, E. G., Hinch, S. G., Patterson, D. A., Hague, M. J., Cooke, S. J., Miller, K. M.,
Lapointe, M. F., English, K. K. and Farrell, A. P. (2011). Effects of river temperature and

climate warming on stock-specific survival of adult migrating Fraser River sockeye salmon
(Oncorhynchus nerka). Glob. Change Biol. 17, 99-114.

McGeer, J. C., Baranyi, L. and Iwama, G. K. (1991). Physiological responses to challenge tests
in six stocks of coho salmon. Can. J. Fish. Aquat. Sci. 48, 1761-1771.

Miller, K. M., et al. (2014). Infectious disease, shifting climates, and opportunistic predators:
cumulative factors potentially impacting wild salmon declines. Evol. Appl. ISSN 1752-4571.
Norin, T., Malte, H. and Clark, T. D. (2014). Aerobic scope does not predict the performance of

a tropical eurythermal fish at elevated temperatures. J. Exp. Biol. 217, 244-251.

Ogura, M. and Ishida, Y. (1992). Swimming behavior of coho salmon, Oncorhynchus kistuch, in

the open sea as determined by ultrasonic telemetry. Can. J. Fish. Aquat. Sci. 49, 453-457.

Ojanguren, A. F., Reyes-Gavilan, F. G. and Brana, F. (2001). Thermal sensitivity of growth,

food intake and activity of juvenile brown trout. J. Thermal Biol. 26, 165-170.

Overgaard, J., Andersen, J. L., Findsen, A., Pederson, P. B. M., Hansen, K., Ozolina, K. and

Wang, T. (2012). Aerobic scope and cardiovascular oxygen transport is not compromised at
high temperatures in the toad Rhinella marina. J. Exp. Biol. 215, 3519-3526.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/6337402_The_effect_of_temperature_on_swimming_performance_and_oxygen_consumption_in_adult_sockeye_Oncorhynchus_nerka_and_coho_O_kisutch_salmon_stocks_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6337402_The_effect_of_temperature_on_swimming_performance_and_oxygen_consumption_in_adult_sockeye_Oncorhynchus_nerka_and_coho_O_kisutch_salmon_stocks_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6337402_The_effect_of_temperature_on_swimming_performance_and_oxygen_consumption_in_adult_sockeye_Oncorhynchus_nerka_and_coho_O_kisutch_salmon_stocks_J_Exp_Biol?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/43002470_Influence_of_ambient_oxygenation_and_temperature_on_metabolic_scope_and_scope_for_heart_rate_of_the_sole_Solea_solea?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/43002470_Influence_of_ambient_oxygenation_and_temperature_on_metabolic_scope_and_scope_for_heart_rate_of_the_sole_Solea_solea?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237444342_Temperature_effects_on_swimming_performance_energetics_and_aerobic_capacities_of_mature_adult_pink_salmon_Oncorhynchus_gorbuscha_compared_with_those_of_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237444342_Temperature_effects_on_swimming_performance_energetics_and_aerobic_capacities_of_mature_adult_pink_salmon_Oncorhynchus_gorbuscha_compared_with_those_of_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237444342_Temperature_effects_on_swimming_performance_energetics_and_aerobic_capacities_of_mature_adult_pink_salmon_Oncorhynchus_gorbuscha_compared_with_those_of_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237444342_Temperature_effects_on_swimming_performance_energetics_and_aerobic_capacities_of_mature_adult_pink_salmon_Oncorhynchus_gorbuscha_compared_with_those_of_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/281928121_Response_of_chinook_salmon_to_climate_change?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/281928121_Response_of_chinook_salmon_to_climate_change?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/281928121_Response_of_chinook_salmon_to_climate_change?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227674185_Effects_of_river_temperature_and_climate_warming_on_stock-specific_survival_of_adult_migrating_Fraser_River_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227674185_Effects_of_river_temperature_and_climate_warming_on_stock-specific_survival_of_adult_migrating_Fraser_River_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227674185_Effects_of_river_temperature_and_climate_warming_on_stock-specific_survival_of_adult_migrating_Fraser_River_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/227674185_Effects_of_river_temperature_and_climate_warming_on_stock-specific_survival_of_adult_migrating_Fraser_River_sockeye_salmon_Oncorhynchus_nerka?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237183734_Physiological_Responses_to_Challenge_Tests_in_Six_Stocks_of_Coho_Salmon_Oncorhynchus_kisutch?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237183734_Physiological_Responses_to_Challenge_Tests_in_Six_Stocks_of_Coho_Salmon_Oncorhynchus_kisutch?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/257649130_Aerobic_scope_does_not_predict_the_performance_of_a_tropical_eurythermal_fish_at_elevated_temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/257649130_Aerobic_scope_does_not_predict_the_performance_of_a_tropical_eurythermal_fish_at_elevated_temperatures?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237183866_Swimming_Behavior_of_Coho_Salmon_Oncorhynchus_kisutch_in_the_Open_Sea_as_Determined_by_Ultrasonic_Telemetry?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237183866_Swimming_Behavior_of_Coho_Salmon_Oncorhynchus_kisutch_in_the_Open_Sea_as_Determined_by_Ultrasonic_Telemetry?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/12092280_Thermal_Sensitivity_of_Growth_Food_Intake_and_Activity_of_Juvenile_Brown_Trout?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/12092280_Thermal_Sensitivity_of_Growth_Food_Intake_and_Activity_of_Juvenile_Brown_Trout?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228442465_Aerobic_scope_and_cardiovascular_oxygen_transport_is_not_compromised_at_high_temperatures_in_the_toad_Rhinella_marina?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228442465_Aerobic_scope_and_cardiovascular_oxygen_transport_is_not_compromised_at_high_temperatures_in_the_toad_Rhinella_marina?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/228442465_Aerobic_scope_and_cardiovascular_oxygen_transport_is_not_compromised_at_high_temperatures_in_the_toad_Rhinella_marina?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Patterson, D. A., MacDonald, J. S., Skibo, K. M., Barnes, D., Gethriel, I. and Hills, J. (2007).

Reconstructing the summer thermal history for the lower Fraser River, 1941 to 2006, and

implications for adult sockeye salmon (Oncorhynchus nerka) spawning migration. Can.
Tech. Rep. Fish. Aquat. Sci. 2724, 43.

Pdrtner, H.-O. (2002). Climate variations and the physiological basis of temperature dependent

biogeography: systemic to molecular hierarchy of thermal tolerance in animals. Comp.
Biochem. Physiol. A 132, 739-761.
Pértner, H.-O. and Knust, R. (2007). Climate change affects marine fishes through the oxygen

limitation of thermal tolerance. Science 315, 95-97.
Portner, H.-O. and Farrell, A. P. (2008). Physiology and climate change. Science 322, 690-692.
Portner, H.-O. and Giomi, F. (2013). Nothing in experimental biology makes sense except in the
light of ecology and evolution. J. Exp. Biol. 216, 4494-4495.

Schulte, P. M. (2015). The effects of temperature on aerobic metabolism: towards a mechanistic

understanding of the responses of ectotherms to a changing environment. J. Exp. Biol. 218,
1856-1866.
Selong, J. H., McMahon, T. E., Zale, A. V. and Burrows, F. T. (2001). Effect of temperature on

growth and survival of bull trout, with application of an improved method for determining
thermal tolerance in fishes. Trans. Am. Fish. Soc. 130, 1026-1037.
Quinn, T. P. (2005). The Behavior and Ecology of Pacific Salmon and Trout. Seattle: University

of Washington Press.

Quinn, T. P. and Petersen, N. P. (1996). The influence of habitat complexity and fish size on

over-winter survival and growth of individually marked juvenile coho salmon
(Oncorhynchus kisutch) in Big Beef Creek, Washington. Can. J. Fish. Aquat. Sci. 53, 1555-
1564.

Reed, T. E., Schindler, D. E., Hague, M. J., Patterson, D. A., Meir, E., Waples, R. S. and Hinch,

S. G. (2011). Time to evolve? Potential evolutionary responses of Fraser River sockeye

salmon to climate change and effects on persistence. PLOS ONE 6, e20380.

Richter, A. and Kolmes, S. A. (2005). Maximum temperature limits for chinook, coho, and chum

salmon, and steelhead trout in the Pacific Northwest. Rev. Fish. Sci. 13, 23-49.
Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H., Rosenzweig, C. and Pounds, J. A. (2003).

Fingerprints of global warming on wild animals and plants. Nature 421, 57-60.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/294698186_Reconstructing_the_summer_thermal_history_for_the_lower_Fraser_River_1941_to_2006_and_implications_for_adult_sockeye_salmon_Oncorhynchus_nerka_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/294698186_Reconstructing_the_summer_thermal_history_for_the_lower_Fraser_River_1941_to_2006_and_implications_for_adult_sockeye_salmon_Oncorhynchus_nerka_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/294698186_Reconstructing_the_summer_thermal_history_for_the_lower_Fraser_River_1941_to_2006_and_implications_for_adult_sockeye_salmon_Oncorhynchus_nerka_spawning_migration?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/11279771_Climate_variations_and_the_physiological_basis_of_temperature_dependent_biogeography_systemic_to_molecular_hierarchy_of_thermal_tolerance_in_animals_Comp_Biochem_Physiol_132A739-761?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/11279771_Climate_variations_and_the_physiological_basis_of_temperature_dependent_biogeography_systemic_to_molecular_hierarchy_of_thermal_tolerance_in_animals_Comp_Biochem_Physiol_132A739-761?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/11279771_Climate_variations_and_the_physiological_basis_of_temperature_dependent_biogeography_systemic_to_molecular_hierarchy_of_thermal_tolerance_in_animals_Comp_Biochem_Physiol_132A739-761?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6595799_Climate_Change_Affects_Marine_Fishes_Through_the_Oxygen_Limitation_of_Thermal_Tolerance?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/6595799_Climate_Change_Affects_Marine_Fishes_Through_the_Oxygen_Limitation_of_Thermal_Tolerance?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/23441913_ECOLOGY_physiology_and_climate_change?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258824811_Nothing_in_experimental_biology_makes_sense_except_in_the_light_of_ecology_and_evolution_-_correspondence_on_J_Exp_Biol_216_2771-2782?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/258824811_Nothing_in_experimental_biology_makes_sense_except_in_the_light_of_ecology_and_evolution_-_correspondence_on_J_Exp_Biol_216_2771-2782?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/278790998_The_effects_of_temperature_on_aerobic_metabolism_Towards_a_mechanistic_understanding_of_the_responses_of_ectotherms_to_a_changing_environment?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/278790998_The_effects_of_temperature_on_aerobic_metabolism_Towards_a_mechanistic_understanding_of_the_responses_of_ectotherms_to_a_changing_environment?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/278790998_The_effects_of_temperature_on_aerobic_metabolism_Towards_a_mechanistic_understanding_of_the_responses_of_ectotherms_to_a_changing_environment?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253776550_Effect_of_Temperature_on_Growth_and_Survival_of_Bull_Trout_With_Application_of_an_Improved_Method_for_Determining_Thermal_Tolerance_in_Fishes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253776550_Effect_of_Temperature_on_Growth_and_Survival_of_Bull_Trout_With_Application_of_an_Improved_Method_for_Determining_Thermal_Tolerance_in_Fishes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/253776550_Effect_of_Temperature_on_Growth_and_Survival_of_Bull_Trout_With_Application_of_an_Improved_Method_for_Determining_Thermal_Tolerance_in_Fishes?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/288263668_The_behavior_and_ecology_of_Pacific_salmon_and_trout?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/288263668_The_behavior_and_ecology_of_Pacific_salmon_and_trout?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/273590082_The_Influence_of_Habitat_Complexity_and_Fish_Size_on_Over-Winter_Survival_and_Growth_of_Individually_Marked_Juvenile_Coho_Salmon_Oncorhynchus_kisutch_in_Big_Beef_Creek_Washington?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/273590082_The_Influence_of_Habitat_Complexity_and_Fish_Size_on_Over-Winter_Survival_and_Growth_of_Individually_Marked_Juvenile_Coho_Salmon_Oncorhynchus_kisutch_in_Big_Beef_Creek_Washington?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/273590082_The_Influence_of_Habitat_Complexity_and_Fish_Size_on_Over-Winter_Survival_and_Growth_of_Individually_Marked_Juvenile_Coho_Salmon_Oncorhynchus_kisutch_in_Big_Beef_Creek_Washington?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/273590082_The_Influence_of_Habitat_Complexity_and_Fish_Size_on_Over-Winter_Survival_and_Growth_of_Individually_Marked_Juvenile_Coho_Salmon_Oncorhynchus_kisutch_in_Big_Beef_Creek_Washington?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51476312_Time_to_Evolve_Potential_Evolutionary_Responses_of_Fraser_River_Sockeye_Salmon_to_Climate_Change_and_Effects_on_Persistence?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51476312_Time_to_Evolve_Potential_Evolutionary_Responses_of_Fraser_River_Sockeye_Salmon_to_Climate_Change_and_Effects_on_Persistence?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/51476312_Time_to_Evolve_Potential_Evolutionary_Responses_of_Fraser_River_Sockeye_Salmon_to_Climate_Change_and_Effects_on_Persistence?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233040692_Maximum_Temperature_Limits_for_Chinook_Coho_and_Chum_Salmon_and_Steelhead_Trout_in_the_Pacific_Northwest?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/233040692_Maximum_Temperature_Limits_for_Chinook_Coho_and_Chum_Salmon_and_Steelhead_Trout_in_the_Pacific_Northwest?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/10964597_Root_T_L_et_al_Fingerprints_of_global_warming_on_wild_animals_and_plants_Nature?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/10964597_Root_T_L_et_al_Fingerprints_of_global_warming_on_wild_animals_and_plants_Nature?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Sandercock, F. K. (1991). Life history of coho salmon (Oncorhynchus kistuch). In Groot, C. and
Margolis, L. eds. Pacific Salmon Life Histories. UBC Press, Vancouver.

Steffensen, J. F. (1989). Some errors in respirometry of aquatic breathers: how to avoid and
correct for them. Fish Physiol. Biochem. 6, 49-59.

Steffensen, J. F., Johansen, K. and Bushnell, P. G. (1984). Au automated swimming

respirometer. Comp. Biochem. Physiol. 79A, 437-440.

Vornanen, M., Haverinen, J. and Egginton, S. (2014). Acute heat tolerance of cardiac excitation
in the brown trout (Salmo trutta fario). J. Exp. Biol. 217, 299-309.

Walker, R. V., Myers, K. W., Davis, N. D., Aydin, K. Y., Friedland, K. D., Carlson, H. R.,
Boechlert, G. W., Urawa, S., Ueno, Y. and Anma, G. (2000). Diurnal variation in thermal

environment experienced by salmonids in the North Pacific as indicated by data storage tags.
Fish. Oceanogr. 9, 171-186.

Welch, D. W., Chigirinksy, A. I. and Ishida, Y. (1995). Upper thermal limits on the oceanic
distribution of Pacific salmon (Oncorhynchus spp.) in the spring. Can. J. Fish. Aquat. Sci. 52,
489-503.

Wright, S. (1978). Variability Within and Among Populations-Evolution and the Genetics of

Natural Populations, vol. 4. Chicago: University of Chicago Press.

9
BS)
)
.
©
(0]
O
[
©
>
©
<
L)
>
(@)}
o)
.2
m
©
i)
C
(0]
£
fe
()
Q
X
L
G
o
©
[
=
3
o
S



https://www.researchgate.net/publication/239065625_Some_errors_in_respirometry_of_aquatic_breathers_How_to_avoid_and_correct_for_them?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/239065625_Some_errors_in_respirometry_of_aquatic_breathers_How_to_avoid_and_correct_for_them?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/235769843_An_Automated_Swimming_Respirometer?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/235769843_An_Automated_Swimming_Respirometer?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/257135999_Acute_heat_tolerance_of_cardiac_excitation_in_the_brown_trout_Salmo_trutta_fario?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/257135999_Acute_heat_tolerance_of_cardiac_excitation_in_the_brown_trout_Salmo_trutta_fario?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/229516159_Diurnal_variation_in_thermal_environment_experienced_by_salmonids_in_the_North_Pacific_as_indicated_by_data_storage_tags?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/229516159_Diurnal_variation_in_thermal_environment_experienced_by_salmonids_in_the_North_Pacific_as_indicated_by_data_storage_tags?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/229516159_Diurnal_variation_in_thermal_environment_experienced_by_salmonids_in_the_North_Pacific_as_indicated_by_data_storage_tags?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/229516159_Diurnal_variation_in_thermal_environment_experienced_by_salmonids_in_the_North_Pacific_as_indicated_by_data_storage_tags?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237184591_Upper_thermal_limits_on_the_oceanic_distribution_of_Pacific_salmon_OncoWiynchtts_spp_in_spring?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237184591_Upper_thermal_limits_on_the_oceanic_distribution_of_Pacific_salmon_OncoWiynchtts_spp_in_spring?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==
https://www.researchgate.net/publication/237184591_Upper_thermal_limits_on_the_oceanic_distribution_of_Pacific_salmon_OncoWiynchtts_spp_in_spring?el=1_x_8&enrichId=rgreq-3584b0730891feaf12c637718ba2e05b-XXX&enrichSource=Y292ZXJQYWdlOzMwMDA3OTQwNTtBUzozNDk4NjA2NDY2NzAzMzZAMTQ2MDQyNDY4NjYzMg==

Figures

a5 N \
Safemtel North
\_\\% = \,—)
- 50" N
0k — 25k 50 k k
% Lﬂ'l m m
- 45° N { \

N — \ \ \ ?
P < | \
( (/,___,\ 6_)\/ \\ \E \x \\\] ¢
e S ) PR T S )
B pe o p % 4
s _.; b { 7 /’/J & \f =
R &4 /
) L/ .f/* 2 J
RS P — "\\a/_—\&__ 75/ e S
(NS g Frase —\_F/__,\:‘__
'\ T 8, ',_—:-_/,//- o ST River —T’ o S
P N e R A
L2 wﬁa\\q\ ! P IR e e
1 ﬁ\:: ‘\}S?—\ L-? /f—l/--—\'\ !—/*\-»——-—-fu——\ '/ /
1235 W 1225° W 1215° W

Fig. 1. Map of the study area, with locations relevant to this paper marked by red triangles. A =
Chilliwack River Hatchery (where adult fish were obtained for the present study), B = Cultus
Lake Laboratory (where experiments on adult fish took place in the present study), C = Chehalis
River Hatchery (where adult fish were obtained in Lee et al., 2003), D = Seymour River
Hatchery (where juvenile salmon were obtained by Casselman et al., 2012), E = University of
British Columbia (where experiments took place in Casselman et al., 2012). The relative location
of the study area along the west coast of North America is highlighted in green in the inset map
(top left).
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Fig. 2. Mo, data used to calculate Mo, min. Example data from four individuals are shown in the
top two panels. The data from all fourteen fish (n = 7 for each temperature) tested in the static

respirometers are shown in the bottom panel. For each individual, M02 min Was calculated by

taking the mean of the lowest three values of I\)Io2 during the measurement period.
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Fig. 3. Mean * standard error (black symbols) for (A) minimum (triangles) and maximum

(circles) oxygen consumption rates (I\/'Io2 min and I\)Io2 max, respectively), (B) maximum swimming
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speed (Umax), (C) net cost of transport during maximum swimming (NCOTexer), and (D) gross
cost of transport during maximum swimming (GCOTexer) in adult coho salmon at 10 and 15°C.
Values for all individuals are given as light grey symbols. Significant differences are noted by P-

values from Wilcoxon sign-rank tests.
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Fig. 4. (A) Aerobic scope at two temperatures in adult coho salmon in the present study (black
circles; mean + standard error with individual data points in grey) and in a prior study (dark grey
line, based on equation given in Lee et al., 2003) on a geographically-proximate population of
coho salmon with the same peak timing for upriver migration (Nov. 1). The P-value shown for
the between-temperature difference is based on a Wilcoxon sign-rank test. The white histogram
bars are based on daily mean temperatures for the Fraser River (DFO Environmental Watch
Program) for all days from Oct.1 through Nov. 30 for all available years (1954-1985, 1996-1999,
and 2001-2013) in bins of 1°C (e.g., 10.00-10.99°C, 11.00-11.99°C, etc.). The grey bars are
binned frequencies of Chilliwack River daily mean temperatures for Oct.1 through Nov. 30 from
all available years (2000, 2006, 2009, and 2011-2013; DFO Environmental Watch records). (B)
Previously published mean + standard error aerobic scope (open circles) in juvenile (pre-smolt)

coho salmon (from Fig. 2C in Casselman et al., 2012) obtained from the Seymour River

Hatchery in March 2010 at ~1 year of age and tested shortly thereafter when they reached 16.9-
18.1 g. The only statistically significant pairwise post-hoc difference in aerobic scope among the
five temperatures was between 17 and 21°C (Casselman et al., 2012). Light grey bars represent

binned temperature frequencies (as in [A]) for the period from May 1 through Oct. 31 each year
from two temperature loggers stationed in juvenile coho salmon rearing habitat in the Seymour
River that recorded temperature every 10 min from 08/07/2010 through 24/08/2013. Dark grey
bars are similarly binned temperatures for the Seymour River Hatchery, which uses water
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pumped from Seymour Reservoir (i.e., upstream of a dam on the system), based on daily means
from hatchery records from 01/08/2007 through 01/08/2013. White bars are May-October daily
mean temperatures for the Chilliwack River for the years 1999, 2006, 2007, 2009, and 2011-
2013. Both the Seymour and Chilliwack River populations hatch in the spring (i.e., April) and

rear for ~1 year before a peak smolt outmigration time of mid-May.
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