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Abstract Global climate change is predicted to increase
the variability in weather patterns with more extreme
weather conditions occurring on a more frequent basis.
Little information exists on thermal limits of fishes from
highly variable environments. This study evaluated the
thermal maximum and minimum of checkered puffers, yellowfin mojarra, schoolmaster snapper, and bonefish across
seasons. Thermal scope (i.e., CTmax–CTmin) of nearshore
fishes ranged from 24 to 28.6 °C across seasons, with
thermal scopes typically being larger in the winter (January 1, 2012–March 22, 2012) than in the summer (June 26,
2012–November 9, 2012). Acclimatization response ratios
(AZRR; ΔCTmax ΔT−1 and ΔCTmin ΔT−1) were typically
greater than 0.60 for all species, a value greater than most
previously reported for fish species from variable thermal
environments. Present-day maximum and minimum temperatures in the nearshore environment are approximately
equal to or exceed the thermal tolerance limits of the fish
in this study, making thermal safety margins (TSM; i.e.,
the difference between thermal tolerance limit and extreme
environmental temperature) very small or negative for
nearshore fishes (TSM upper = −4.9 to 0.5; lower = −0.2
to 0.4). The IPCC’s worse-case scenario will push
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maximum temperatures beyond the TSM of all nearshore
fish in this study. Distribution of fishes in the nearshore
environment in the future will depend on available thermal
refuge, cost of migrating, and food web interactions. Overall, the thermal landscape in the nearshore environment
in the future will likely benefit species with positive thermal safety margins that are capable of acclimatizing (e.g.,
schoolmaster snapper), while relatively intolerant species
(e.g., bonefish) may inhabit these systems less frequently
or will be absent in the future.

Introduction
Global climate change due to anthropogenic sources has
altered weather patterns, the physical characteristics of the
oceans, and the distribution of species (Roessig et al. 2005).
In the next 100 years, marine temperatures are expected
to increase by as much as 2 °C (IPCC 2013). Moreover,
extreme weather events, such as major storms (i.e., tropical
cyclones), floods, heat waves, and cold spells are expected
to increase in both intensity and frequency as the climate
changes (Knutson et al. 2010; Kerr 2011). Temperature is
one of the main drivers behind the distribution of ectothermic species (e.g., fish) in the ocean (Somero 2010), and
recent evidence indicates that climate change has altered
the distribution and community interactions of some
marine species (Perry et al. 2005; Poloczanska et al. 2013).
For example, an extreme weather event increased seawater
temperatures 3–5 °C above normal for more than 10 weeks
along the West Coast of Australia, altering the distribution and abundance of demersal fish, sessile invertebrates,
and seaweeds in habitats throughout this region (Wernberg
et al. 2012). On the whole, environmental temperature may
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exceed the physiological limits of species in the future,
thereby affecting their biogeographical distributions.
The proximity of animals to their thermal limits, coupled
with their potential to acclimatize to future environmental conditions, will both be factors influencing the reshaping of ecosystems as the climate changes (Stillman 2003;
Somero 2012). Ectotherms in the tropics are expected to
be adapted to a relatively narrow range of temperatures
due to relatively small seasonal variation in temperature
and, therefore, may not have the capacity to acclimatize to
warming seas (Ghalambor et al. 2006). However, a recent
meta-analysis indicates that the capacity to acclimatize to
thermal environments in marine ectotherms is not dependent on latitude or thermal seasonality (Gunderson and Stillman 2015). Rather, tropical ectotherms from thermally stable environments are suspected to be vulnerable to climate
change because they live closer to their thermal limits relative to organisms in temperate regions (i.e., smaller thermal safety margins; Pörtner and Farrell 2008; Nilsson et al.
2009; Pörtner and Peck 2010). However, recent evidence
indicates that organisms from variable environments (e.g.,
intertidal zones) may be in closer proximity to their thermal
limits relative to organisms from stable environments (e.g.,
coral reefs), making them vulnerable to temperature fluctuations associated with climate change (Madeira et al. 2012;
Seebacher et al. 2014; Norin et al. 2014). Defining which
species currently live near their upper thermal limit can
provide a basis for evaluating how marine ecosystems will
change in the future, especially during extreme weather
events, and which species will be most vulnerable to local
extinction (Somero 2010). Similarly, the ability of organisms to acclimatize (i.e., seasonal or long-term phenotypic
alterations to new abiotic conditions) will play a role in
buffering species against climate change (Hofmann et al.
2010). Previous research on fish acclimatized to the same
temperature across different seasons has demonstrated differences in metabolic rates, indicating that seasonal shifts
in physiological traits can occur (Evans 1984; Chipps et al.
2000). In addition, the upper thermal tolerance of several
subtropical species of fish has been determined to be significantly higher during summer compared to winter, demonstrating a seasonal component to tolerance limits for
these species (Fangue and Bennett 2003; Murchie et al.
2011). Species that have relatively high thermal maxima
are expected to have a limited capacity to acclimatize to
new conditions (Stillman 2003; Magozzi and Calosi 2014),
but this assumption has not been tested on species found
in variable thermal environments in nearshore subtropical
ecosystems.
Nearshore ecosystems provide a number of important
ecosystem services such as protecting coasts, sequestering
carbon, and acting as nursery areas, yet they are some of
the most anthropogenically disturbed ecosystems on the
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planet (Valiela et al. 2001; Barbier et al. 2011). Nearshore
habitats are characterized by dynamic abiotic conditions,
such as temperature, pH, and pCO2, that fluctuate over diurnal, tidal, and seasonal scales (Lam et al. 2006). Though
many species of nearshore fishes demonstrate an ability
to cope with these dynamic conditions (Lam et al. 2006;
Shultz et al. 2014), it is unknown if they have evolved similar physiological limits that will allow them to cope with
extreme weather patterns predicted to occur in the future
due to climate change. The duration and number of heat
waves and cold snaps are expected to increase as the climate changes (Kerr 2011). For example, a record-breaking sea surface temperature anomaly in the Caribbean of
29.5 °C was recorded in September of 2010 (Trenberth and
Fasullo 2012), and a 12-day cold snap in January of 2010,
Florida, USA, decreased nearshore water temperatures by
11.2 °C in Butternut Key, Florida from 19.3 °C on January 1 to 8.1 °C on January 12 (NOAA 2010). Considering
the proximity of fish to their thermal limits across seasons,
coupled with understanding the physiological plasticity of
fish to abiotic variables when acclimatized to seasonal conditions, will be important tools for evaluating the response
of fish to the future oceanic conditions and extreme weather
events associated with climate change (Pörtner 2002).
Moreover, fish from highly variable environments, such as
nearshore marine ecosystems and latitudes between 20 and
35 (i.e., subtropical regions), are underrepresented in the
thermal tolerance literature (Sunday et al. 2011).
Based on this background, the objective of this study
was twofold: (1) determine the critical thermal tolerance
limits of four nearshore fishes across seasons, (2) relate
these limits to current and projected thermal environments in the ocean. To do this, we defined the critical thermal maxima (CTmax) and minima (CTmin), and estimated
thermal scope (CTmax–CTmin), acclimatization response
ratios (AZRR), and thermal safety margins (TSM) of four
common nearshore fishes across summer and winter seasons. Collectively, the outcomes of this research will help
improve predictions of how species, fish communities, and
ultimately ecosystems will respond to climate change.

Methods
This study was conducted at The Cape Eleuthera Institute (CEI) in Eleuthera, The Bahamas (N 24°50′05″ W
76°20′32″). All research conformed to the University of
Illinois Institutional Animal Care and Use Committee protocol (Protocol # 09160). Fish [adult checkered puffer,
Sphoeroides testudineus (Linnaeus, 1758) and adult bonefish, Albula vulpes (Linnaeus, 1758), and juvenile yellowfin mojarra, Gerres cinereus (Walbaum, 1792) and juvenile
schoolmaster snapper, Lutjanus apodus (Walbaum, 1792)]
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Table 1  Length (mean ± SE)
of yellowfin mojarra, checkered
puffer, schoolmaster snapper,
and bonefish used in this study

83

Species

Season

Total length (mm)

Fork length (mm)

Range (mm)

Yellowfin mojarra

Summer
Winter
Summer
Winter
Summer
Winter

NA
NA
173 ± 6
176 ± 3
147 ± 5
108 ± 3

133 ± 3
131 ± 5
NA
NA
NA
NA

110–160
85–168
107–202
136–195
115–190
93–155

389 ± 6

350–445

Checkered puffer
Schoolmaster snapper
Bonefish

Summer

NA

Winter

NA

400 ± 5

355–469

Fish anatomy dictated the choice of metric used to measure each species: A fork length was generated for
species that had a forked or furcate caudal fin, and a total length was taken for species with a truncate or
rounded caudal fin. Each species in each season had a sample size of eight fish

Table 2  Final seasonal
temperature (°C) prior to
thermal tolerance assays of
yellowfin mojarra, checkered
puffer, schoolmaster snapper,
and bonefish in the winter and
summer

Season

Winter
Summer

Treatment

Acclimatization temperature (°C)
Yellowfin mojarra

Checkered puffer

Schoolmaster snapper

Bonefish

CTmax
CTmin
CTmax

24.2
23.6
30

23.8
22.5
30.4

24.6
23.4
31

23.8
23.7
29.3

CTmin

28.7

27.8

29.1

29.4

were collected from tidal creeks in the winter (January
1, 2012–March 22, 2012) and summer (June 26, 2012–
November 9, 2012) by seining on an outgoing tide. These
fish experience a range of temperatures in the nearshore
environment in each season (winter: 21.2 ± 0.08 °C;
mean ± SE, 11–35.7 °C; range, summer: 30.3 ± 0.06 °C;
mean ± SE, 23.5–43 °C; range reported in Shultz et al.
2014). After capture, fish were transported to aerated holding tanks (3.7 m diameter × 1.25 m height, 13,180 L)
supplied with fresh seawater (1800 L h−1) drawn directly
from the nearshore environment at CEI, and given 48 h
to recover (Murchie et al. 2009). Fish held in the wetlab
facility at CEI experienced typical day/night cycles in each
season (Murchie et al. 2011), and fish were not fed during
recovery or prior to experimentation. Seawater temperatures during recovery in the wetlab fluctuated daily (YSI
85, Yellow Springs Incorporated, Yellow Springs, OH) in
both the winter (23.5 ± 1.1 °C; mean ± SD, 22.3–24.7 °C;
range) and summer (29.5 ± 1.1 °C; mean ± SD, 26.4–
32 °C; range).
Following recovery, eight fish of the same species and
of similar size were placed into aerated, opaque, individual plastic chambers resting in a raceway (3.09 m
length × 0.65 m width × 0.17 m height) continuously supplied with recirculating seawater (Eheim pump 1046A,
5 L min−1) from a common reservoir (Igloo cooler 108 L),
completing a closed water system (Vanlandeghem et al.
2010; Table 1). This system allowed for the critical tolerance limits of eight fish to be evaluated simultaneously,

and species were tested sequentially in each season. The
temperature of seawater in the closed water system prior
to experimentation was considered the acclimatization
temperature for each species in each season (Table 2).
Critical thermal tolerance limits were attained by gradually
increasing/decreasing the temperature until a fish experienced a loss of equilibrium for 1 min (Murchie et al. 2011).
Changes in seawater temperature (measured with a multiparameter meter, YSI 85, Yellow Springs Incorporated,
Yellow Springs, OH) were achieved using either an immersion heater (Process Tech Heaters #H18T, 1800 W, 115 V,
15 A; Controller #NA30DX; Aquatic Ecosystems, Apopka,
FL, USA) or heat exchanger in the common reservoir at
a consistent rate of 0.18 ± 0.02 °C min−1; mean ± SE
(Beitinger et al. 2000; Murchie et al. 2011).
Statistical analyses
A t test was used to quantify differences in critical maxima/
minima and thermal scope (i.e., CTmax–CTmin) for each species across seasons (Sokal and Rohlf 1995). Additionally,
a t test was used to compare breadth in tolerance for each
species across seasons (i.e., the absolute value of acclimatization temperature—critical thermal tolerance limit; Sokal
and Rohlf 1995; Duarte et al. 2012), to determine which
season fishes would be most at risk of exceeding their critical thermal limits. A small breadth in tolerance indicates
that a species may be at risk to warmer or cooler temperatures in a season. Prior to running each t test, a Hartley F
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Max test was used to verify equal variances across treatment groups (Hartley 1950), and a Shapiro–Wilk’s test
was used to determine normality of data (Sokal and Rohlf
1995). The magnitude of a speciesʼ ability to acclimatize to
new thermal environments can be expressed as an acclimatization response ratio (AZRR; ΔCTmax ΔT−1 and ΔCTmin
ΔT−1; Claussen 1977). These ratios were calculated across
seasons to determine the relative acclimatization response
of each species (Hopkin et al. 2006; Reyes et al. 2011), and
a total AZRR score was calculated to evaluate the relative
thermal plasticity of fishes within the nearshore ecosystem. Present-day thermal safety margins (TSM; summer
CTmax—maximum environmental temperature and minimum environmental temperature—winter CTmin; Deutsch
et al. 2008; Sunday et al. 2014) were calculated for each
species using extreme temperatures in the nearshore environment that these fish inhabit (summer −43 °C; winter
−11 °C reported in Shultz et al. 2014). Positive TSM values indicate that environmental temperatures do not exceed
tolerance limits. Negative values indicate present-day

60

(a) Yellowfin Mojarra

50

Winter
Summer

*

40

temperatures currently exceed tolerance limits, requiring
fish to spend less time in this ecosystem and more time in
thermal refugia (e.g., deeper/adjacent ecosystems; Sunday et al. 2014). All statistical analyses were performed
using JMP 7.0.1 (SAS Institute Inc., 2005), all means are
reported ± standard error (SE) where appropriate, and the
level of significance for all tests (α) was 0.05.

Results
Yellowfin mojarra
The critical thermal maxima and minima of yellowfin
mojarra differed significantly between seasons, and CTmax
at which fish lost equilibrium was almost 5 °C greater in
the summer than in winter (Fig. 1a; Table 3). Moreover,
the upper breadth in tolerance (i.e., CTmax—acclimatization temperature) of yellowfin mojarra in summer (11 °C)
was approximately 2 °C smaller than in winter (13 °C).

(b) Checkered Puffer
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Fig. 1  Critical thermal limits of a yellowfin mojarra, b checkered
puffer, c schoolmaster snapper, and d bonefish recovered in laboratory conditions in the winter (22.3–24.7 °C) and summer (26.4–
32 °C). An asterisk denotes significant differences in CTmax and
CTmin across seasons. Each treatment in each season had a sample
size of eight fish. Error bars represent ±SE and are challenging to
discern for CT data due to low variation across individuals. Horizon-
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CTMax

CTMin

tal solid lines indicate extreme minimum temperature in the winter
and extreme maximum temperature in the summer in the nearshore
ecosystem reported by Shultz et al. (2014). Horizontal dotted line signifies extreme maximum temperature in the summer plus the Intergovernmental Panel on Climate Change worst-case scenario for sea
surface temperatures in 100 years
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Table 3  Results of t tests
comparing the seasonal
variation in thermal scope
(CTmax–CTmin), CTmax, upper
breadth in tolerance (CTmax—
acclimation temperature),
CTmin, and lower breadth
in tolerance (acclimation
temperature—CTmin) of
yellowfin mojarra, checkered
puffer, schoolmaster snapper,
and bonefish (summer vs
winter)
Table 4  Seasonal change in
CTmax, CTmin, acclimatization
temperature, and
acclimatization response ratios
(AZRR) and thermal safety
margin (TSM) for yellowfin
mojarra, schoolmaster snapper,
checkered puffer, and bonefish

Variable

Thermal scope
CTmax

Yellowfin mojarra Checkered puffer

Schoolmaster
snapper

Bonefish

T

T

T

P

T

P

P

83

P

0.96

0.37

5.33

0.0002

6.33

<0.0001

2.43

0.0355

Upper breadth in tolerance
CTmin

8.68
5.19
15.29

<0.0001
0.0014
<0.0001

9.20
10.62
11.24

<0.0001
<0.0001
<0.0001

22.28
0.37
17.53

<0.0001
0.72
<0.0001

12.86
12.15
11.8

<0.0001
<0.0001
<0.0001

Lower breadth in tolerance

4.78

0.0004

2.13

0.05

9.30

<0.0001

7.80

<0.0001

Each treatment in each season had a sample size of eight fish and DF = 14 for each test
Variable

Yellowfin mojarra

Schoolmaster snapper

Checkered puffer

Bonefish

ΔCTmax (°C)

3.6

5.3

3.1

2.7

ΔT (°C)

5.8

5.2

6.6

5.3

AZRR (upper)
TSM (upper)
ΔCTmin (°C)
ΔT (°C)

0.62
−2.0
4.3

1.02
0.5
3.6

0.47
−1.4
6.6

0.51
−4.9
3.5

5.1

5.7

5.3

5.7

AZRR (lower)
TSM (lower)

0.84
−0.2

0.63
−0.1

1.25
0.8

0.61
0.4

1.72

1.12

Total AZRR

1.46

1.65

The change in temperature = acclimatization temperature in the summer − acclimatization temperature in
the winter. Change in CTmax = CTmax in the summer − CTmax in the winter. Change in CTmin = CTmin in
the summer − CTmin in the winter. Each treatment in each season had a sample size of eight fish

Conversely, CTmin for yellowfin mojarra was approximately
4 °C lower in winter than in summer, and the lower breadth
in tolerance (i.e., acclimatization temperature––CTmin) of
fish in winter (11.2 °C) was almost 4 °C smaller relative to
summer (15.5 °C). The thermal scope (summer = 26.2 °C;
winter = 25.4 °C) did not differ significantly between seasons for mojarra. The maximum environmental temperature of 43 °C in the nearshore environment exceeded the
summer CTmax of yellowfin mojarra by 2 °C resulting in a
negative upper TSM. A minimum environmental temperature of 11 °C was 0.2 °C cooler than the winter CTmin of
yellowfin mojarra resulting in a negative lower TSM. Yellowfin mojarra had an upper and lower AZRRs intermediate to other species in this study (Table 4).
Checkered puffer
The thermal scope of checkered puffers was smaller in
summer (24.9 °C) compared to winter (28.3 °C; Fig. 1b;
Table 3). CTmax for checkered puffers was 3 °C higher in
summer compared to winter, and the upper breadth in tolerance of checkered puffers in summer (11.2 °C) was 3.5 °C
smaller relative to winter (14.7 °C). CTmin was 6 °C lower
in winter than in summer, and the lower breadth in tolerance in the summer (11 °C) was 1 °C smaller relative to

the winter (12 °C). The maximum environmental temperature of 43 °C in the nearshore environment exceeded the
summer CTmax of checkered puffers by more than 1 °C
resulting in a negative upper TSM. Checkered puffers
demonstrated a winter CTmin that was 0.8 °C cooler than
the minimum environmental temperature of 11 °C giving
checkered puffer the most positive lower TSM relative to
other species. Checkered puffers had the smallest upper
AZRR and the largest lower AZRR relative to all species
(Table 4).
Schoolmaster snapper
The thermal maxima and minima of schoolmaster snapper
differed significantly across seasons, with CTmax approximately 5 °C higher in summer relative to winter. Thermal
scope for schoolmaster snapper was greater in the summer (28.6 °C) compared to the winter (27.1 °C; Fig. 1c;
Table 3). The upper breadth in tolerance of schoolmaster snapper was not significantly different across seasons
(~12 °C). CTmin values were over 4 °C lower in the winter
relative to the summer, and the lower breadth in tolerance
in winter (11.2 °C) was almost 3 °C smaller compared to
summer (14 °C). The summer CTmax of schoolmaster snapper exceeded the maximum environmental temperature of
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43 °C by half a degree resulting in the only positive upper
TSM. The winter CTmin was higher than the minimum temperature (11 °C) observed in the nearshore environment,
resulting in a negative lower TSM. Schoolmaster snapper
had the largest upper AZRR and an intermediate lower
AZRR relative to all species (Table 4).
Bonefish
The thermal scope of bonefish was lower in the summer
(24 °C) relative to the winter (24.7 °C), and CTmax was
almost 3 °C higher in summer compared to winter (Fig. 1d;
Table 3). Moreover, the upper breadth in tolerance of bonefish in summer (8.8 °C) was almost 3 °C smaller relative to
winter (11.6 °C). Additionally, the lower breadth in tolerance of bonefish in winter (13.1 °C) was more than 2 °C
smaller relative to summer (15.3 °C). The maximum environmental temperature of 43 °C in the nearshore environment exceeded the summer CTmax of bonefish by almost
5 °C resulting in the largest negative upper TSM. The
CTmin of bonefish was almost half a degree lower than the
coolest water temperature of 11 °C in the nearshore environment resulting in a positive lower TSM. Bonefish had
an intermediate upper AZRR and the smallest lower AZRR
relative to all species (Table 4).

Discussion
Quantifying the thermal tolerance of marine fishes, and
identifying how those tolerances change across seasons, is
important for predicting the physiological vulnerability of
fish to the more extreme climates of the future (Gunderson
and Stillman 2015). Relative to other tropical/subtropical
marine species, the resident nearshore fishes in this study
had some of the highest CTmax reported; the critical thermal maximum for checkered puffer, yellowfin mojarra,
and schoolmaster snapper in the summer acclimatized to
30.4, 30, and 31 °C was 41.6, 41.0, and 43.5 °C, respectively. In comparison, pink cardinalfish, Apogon pacifici,
that typically inhabit thermally stable coral reef environments exhibit a critical thermal maximum of approximately
35 °C when acclimated to a temperature of 26.5 °C (Mora
and Ospina 2001), but this estimate may be high due to a
lower heating rate of 1 °C h−1 relative to the 0.18 °C min−1
used in this study. Alternatively, bullseye puffer fish, Sphoeroides annulatus, typically inhabit thermally dynamic
nearshore ecosystems and demonstrated a critical thermal
maximum that exceeded 40 °C when acclimated to a temperature of 28 °C (Reyes et al. 2011), a thermal maximum
that more closely matched that of the species in the current
study. This estimate of CTmax may be high due to a higher
heating rate of 1 °C min−1 relative to the 0.18 °C min−1
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used in this study. The eurythermal sheepshead minnow,
Cyprinodon variegatus, is commonly found in tidal pools,
an environment that experiences extreme temperatures and
has a higher thermal tolerance of 45.1 °C when acclimatized to 37–42 °C at heating rate 0.1 °C min−1 (similar to
the rate used in this study; Bennett and Beitinger 1997).
An over-estimate of CTmax may occur if the rate of warming occurs too fast (e.g., 1 °C min−1) due to a lag in temperature change or too slow (e.g., 1 °C h−1) due to thermal acclimation during the assay, with 0.3 °C min−1 being
the recommend standard for CTmax assays (Beitinger et al.
2000). In this study, the warming rate of 0.2 °C min−1
was slightly below the recommend warming rate, which
may have resulted in an underestimate of CTmax for these
nearshore fishes. Similarly, acclimation temperature can
play an important role in determining the thermal tolerance of fishes, with elevated acclimation temperatures
resulting in an increase in CTmax (Beitinger and Bennett
2000). Lastly, life stage can influence thermal tolerance
limits, with juvenile fish experiencing higher CTmax relative to adults (Pörtner and Farrell 2008; Komoroske et al.
2014). Collectively, comparing thermal tolerance across
species and ecosystems can be difficult because of differences in warming rate, acclimation temperature, and life
stage across studies, but it appears that the critical tolerance
limits of fishes in the thermally dynamic nearshore environment, especially resident species, more closely resemble the limits of fish from extreme environments (e.g., tidal
rock pools) than from more thermally stable environments
(e.g., coral reefs).
Thermal scope is defined as the range of temperatures in
which an organism can persist, including passive anaerobic
existence (Pörtner and Farrell 2008). Tropical species were
previously thought to have a narrow thermal scope that will
make them less tolerant of future climate change relative
to species from temperate environments (Pörtner and Farrell 2008; but see Seebacher et al. 2014). Recent data, however, suggest that there may be little difference in thermal
scope between temperate (28.3 °C) and tropical fish species (25.9 °C; Sunday et al. 2011). In the current study,
thermal scope for all species ranged from 24 to 28.6 °C,
indicating that these species can cope with a wide range of
environmental temperatures. When all nearshore fishes are
considered together, summer CTmax increased by 3–5 °C
relative to winter, and winter CTmin decreased by 3–6 °C
relative to the summer, demonstrating plasticity in thermal
scope across seasons, with thermal scope typically being
narrower in the summer relative to the winter. Indeed,
temperatures are variable across seasons in the nearshore
environment, with the mean temperature in the winter of
21.2 °C increasing by almost 10 °C to a summer temperature of 30.3 °C (Shultz et al. 2014). The range of thermal
scopes observed in nearshore fishes in this study can be
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found in both tropical and temperate environments (Sunday
et al. 2011), indicating that nearshore fishes may be more
tolerant to climate change than previously expected (i.e., a
mean increase of 2 °C in the next 100 years above mean
environmental temperatures is within the thermal scope of
nearshore fishes).
The acclimatization responses (i.e., the magnitude of
a species’ ability to acclimatize to new thermal environments), as well as breadth in tolerance are valuable when
evaluating which species across and within ecosystems
will be most at risk to climate change. Based on acclimation temperatures and CTmax data, marine Crustacea
(maximum = 0.35) found in the intertidal zone in temperate climates, and the Mexican bullseye puffer fish,
Sphoeroides annulatus (maximum = 0.38) found in the
nearshore environments in subtropical climates have some
of the highest AZRR scores reported in the literature (Hopkin et al. 2006; Reyes et al. 2011). Surprisingly, all of the
upper and lower AZRR scores for nearshore fishes in this
study were typically greater than 0.60, a value greater than
many previously reported AZRR scores for fish (Gunderson and Stillman 2015), suggesting that these fish have a
relatively high capacity to acclimatize to thermal conditions. This enhanced ability to acclimatize to new thermal
environments (i.e., phenotypic plasticity) has previously
been attributed to mechanisms such as an increase in heat
shock proteins, stimulation of the cellular stress response,
or improved cardiorespiratory function (Fader et al. 1994;
Eliason et al. 2011; Jayasundara and Somero 2013; Feidantsis et al. 2013). Within the nearshore ecosystem, bonefish had the lowest total AZRR score (combined upper and
lower AZRR scores) of 1.12 relative to other fish species
(1.46–1.72), indicating a limited ability to acclimatize
to variable thermal landscapes. Similarly, bonefish demonstrate a lower breadth in tolerance limit in the summer
(8.8 °C) relative to checkered puffer, schoolmaster snapper,
and yellowfin mojarra (11–12 °C), which suggests this fish
is more at risk to mean and extreme increases in temperature in the next 100 years relative to other species in this
study. Overall, nearshore fishes may have a high capacity
to acclimatize to a variable thermal landscape in the future
relative to fish species studied to date (Gunderson and Stillman 2015), but the capacity to acclimatize is life stage and/
or species specific in the nearshore ecosystem with bonefish having the smallest capacity.
Fish that live near their thermal maximum/minimum
(i.e., small TSM) are likely to be more susceptible to a variable climate in the future (e.g., cold snaps and heat waves)
if animals should experience temperatures outside critical
limits (Somero 2010). Even relatively short-lived extremes
in temperature can result in a restructuring of fish communities and biogeographical distributions (Wernberg et al.
2012; Smale and Wernberg 2013). For example, damselfish,
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Acanthochromis polyacanthus, found in the tropical coral
reef environment exposed to an elevated temperature of
34 °C, just 3 °C above ambient conditions, for a relatively
short period of time (maximum 14 days) were pushed
beyond their physiological limits, resulting in 100 % mortality (Rummer et al. 2013). Similarly, an extended cold
snap in 2010 resulted in high mortality rates for nearshore
fish around Florida and has been attributed to the decline in
bonefish populations in this area (Szekeres et al. 2014). In
this study, present-day maximum and minimum temperatures in the nearshore environment are approximately equal
to or exceed the thermal tolerance limits of the fish in this
study, making TSM very small or negative. For example,
seawater in the nearshore environment during the summer
exceeds 40 °C (Shultz et al. 2014), a temperature that surpasses the CTmax value for bonefish (38.1 °C) in the summer. Bonefish move into the nearshore environment on an
incoming tide and often migrate to deeper cooler waters on
the outgoing tide, potentially using these areas as thermal
refuge (Murchie et al. 2013). Unfortunately, sea surface
temperatures are expected to increase by 0.3–2 °C over
the next 100 years due to climate change (IPCC 2013),
and heat waves are expected to increase in both frequency
and intensity (Coumou and Rahmstorf 2012). This increase
in both mean and extreme temperatures has potential to
restrict available thermal habitat for bonefish, forcing these
fish to spend less time in the nearshore ecosystem and more
time in cool refugia. While cool refugia have the potential
to alleviate thermal stress, inhabiting these environments
may result in missed feeding opportunities and/or elevated
mortality due to predation, possibly leading to negative
impacts at the population level. The extremes in temperature may have as much, if not more, influence on the distribution and persistence of individual species than mean
temperatures (Parmesan et al. 2000; Sunday et al. 2014).
On the whole, extreme temperatures due to climate change
have potential to influence the survival and/or distribution
of nearshore species, and a gradual increase in temperature
of 2 °C in the next 100 years will restrict some of the available thermal habitats of these species.
Current mean summer temperatures in the nearshore
environment (30.3 °C) fall below the critical thermal maximum of the most sensitive species, bonefish
(CTmax = 38.1 °C). The IPCC’s worst-case thermal scenario
predicts that sea surface temperatures will increase by 2 °C
in the next 100 years, and push maximum temperatures
beyond the TSM of all nearshore fish in this study, including
the schoolmaster snapper that has the largest present-day
TSM of 0.5 °C. Moreover, nearly all species in this study
had relatively large negative upper TSM values in summer
relative to the winter, indicating that extreme temperatures
associated with heat waves in the summer will likely exceed
thermal limits of these fish more frequently than cold snaps
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in the winter. This study, however, did not evaluate the phenotypic plasticity of fish to thermal limits within a season
which may be an interesting research path to follow in the
future now that it has been established that nearshore fish
can acclimatize to thermal environments across seasons.
This research will be particularly fruitful in the summer
when nearshore fishes are most at risk due to small upper
breadth in tolerance and TSM relative to the winter.
Altered thermal regimes have the potential to increase
mortality, alter habitat choice, constrict the range of species, and alter food web dynamics (Pörtner and Farrell
2008). The possibility of species in the nearshore environment being able to genetically adapt to elevated temperatures is likely small due to long generation times (e.g.,
bonefish maximum age 20 years) and delayed maturation
(e.g., bonefish mature after ~3 years), although most basic
life history traits of many species in this ecosystem have
not been described. Alternatively, the ability to acclimatize
to new thermal environments and proximity to their thermal
limits will likely play a larger role in structuring nearshore
ecosystems the future. Fishes with a limited ability to
acclimatize and that inhabit thermal environments in close
proximity to their limits will likely be most at risk as the
oceans warm (Madeira et al. 2012). Specifically, nearshore
fishes may be forced to migrate to cooler water (e.g.,
deeper water or cooler microhabitats; Huey and Tewksbury
2009), adapt to an increase in temperature (Hofmann and
Todgham 2010), or a combination of these options (Pörtner
and Farrell 2008). The degree that each species adopts one
or a combination of these strategies will depend on both
abiotic and biotic variables. For example, checkered puffer
and yellowfin mojarra both have negative upper TSM values under present-day conditions, and environmental temperatures will likely exceed the thermal tolerance of both
species more frequently in the future. Checkered puffer
may opt to migrate into cooler and potentially predator-rich
environments because of its anti-predator defenses (e.g.,
body armor, toxic), while yellowfin mojarra may need to
adapt to temperature extremes because of a lack of antipredator defenses. Overall, perturbations in thermal conditions because of climate change will alter fish communities in the nearshore environment, a critical nursery habitat
for many marine fishes. Species with positive TSM that
are capable of acclimatizing to new thermal environments
(e.g., schoolmaster snapper) will likely persist in these systems, while relatively intolerant species (e.g., bonefish)
may inhabit these systems less frequently or will be absent
in the future.
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