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1.  INTRODUCTION 

The temperature sensitivities of oxygen supply and 
demand are hypothesized to play a role in dictating 
viable species habitat for marine ectotherms (e.g. 

Pörtner 2010, Deutsch et al. 2015, 2020, Seibel & Birk 
2022, Somero 2022). On the US Northeast Continen-
tal Shelf (US NES), mean surface and bottom tem-
peratures are expected to increase by ~3.7–5°C by 
century’s end, a rate of warming 2–3× faster than the 
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global average (Pershing et al. 2015, Saba et al. 2016, 
Kleisner et al. 2017, Caesar et al. 2018), elevating con-
cern for resident marine species. As one of the most 
rapidly warming regions in the world (Wu et al. 2012, 
Forsyth et al. 2015), the US NES carries an additional 
increased risk of acute heating events that are largely 
driven by increases in sea surface temperature 
(Oliver et al. 2019). Defined as prolonged (>5 d) ex -
treme anomalous heating events exceeding the 90th 
percentile of seasonally varying climatology (Hobday 
et al. 2016), surface and subsurface marine heatwaves 
have increased in frequency (34%) and duration 
(17%) globally in the last century (Oliver et al. 2018, 
2021) and are projected to increase indefinitely under 
climate change (Frölicher et al. 2018, Oliver et al. 
2021). As acute and long-term rising temperatures 
threaten survival or decreased fitness, many key spe-
cies in the region have exhibited poleward shifts in 
distribution or movement to deeper water in step with 
local climate warming (Friedland & Hare 2007, Nye 
et al. 2009, Hazen et al. 2013, Pinsky et al. 2013, 
 Kavanaugh et al. 2017, Kleisner et al. 2017, Morley 
et al. 2018, Rogers et al. 2020). Such biogeographical 
changes have the potential to profoundly impact eco-
system dynamics and resource management; how -
ever, there are large gaps in our understanding of spe-
cies’ acute and long-term thermal tolerances and the 
degree to which such tolerances may drive climate-
induced shifts in biogeography. By identifying under-
lying physiological drivers of thermal tolerance and 
evaluating physiological parameters as indicators of 
optimal and viable habitat, we may add clarity in pre-
dicting the responses of species to ocean warming. 

Evaluating thermal sensitivity of metabolic param-
eters reveals changes in organism performance and 
energetic needs across a species’ thermal range. In 
particular, the scope for aerobic performance is an 
indicator of the total energy available to support 
aerobic processes, such as foraging, growth, and 
reproduction, which are critical for fitness. Aerobic 
scope is measured as the factorial (FAS) or absolute 
(AAS) difference between maximum (MMR, active) 
and standard (SMR, resting) metabolic rates and 
allows us to quantify the proportional and absolute 
increases in oxygen consumption above basic 
demands that an animal can achieve (Clark et al. 
2013). SMR typically demonstrates greater thermal 
sensitivity and in creases faster with temperature 
than MMR (Killen et al. 2017, Seibel & Deutsch 2020, 
Seibel & Birk 2022). As a result, the scope of available 
energy changes across temperature; FAS (MMR/
SMR) tends to de cline with increasing temperature 
toward critical values that may constrain biogeogra-

phy (Deutsch et al. 2020). By contrast, AAS (MMR – 
SMR) increases with temperature, often to a peak 
with a subsequent decline along a bell-shaped curve. 
The peak in AAS is typically interpreted as an opti-
mum temperature, one that wild populations are 
thought to actively seek out to optimize fitness, 
while the decrement at higher temperatures is often 
attributed to a declining ability to supply oxygen to 
tissues in support of elevated demands at high tem-
perature (Fry 1971, Pörtner 2010, Clark et al. 2013, 
Rubalcaba et al. 2020). The temperature at which 
AAS declines significantly from its peak in warm 
water has previously been used to identify popula-
tion limits below lethal temperatures. However, such 
thermal trends in AAS are species-specific, lack uni-
versality, and their interpretations have seldom been 
tested mechanistically (Schulte 2015, Lefevre 2016, 
Jutfelt et al. 2018). For example, the shape of the 
thermal trend in AAS deviates from the typical bell 
curve for many species and may present, with either 
a left or right shift in the curve, as either a very 
broad-scope curve (increase of SMR and MMR in 
parallel up to temperatures close to maximum) or 
increase up to lethal limits accompanied by a rapid 
decline as death proceeds (Fry 1947, Clark 2006, 
Healy & Schulte 2012, Schulte 2015), with no clear 
connection between the aerobic scope curve and 
temperatures that may maximize different fitness-
related traits (e.g. Healy & Schulte 2012, Norin et al. 
2014). Furthermore, oxygen supply capacity (α), a 
measure of an animal’s maximum ability to supply 
oxygen to respiring tissues, which encompasses all 
physiological processes in volved in supplying oxy -
gen to the body (e.g. ventilation, circulation, diffu-
sion, blood oxygen carrying capacity), can be 
directly determined from metabolic measurements. 
Directly measuring this metric provides an opportu-
nity to test whether oxygen supply is a cause of the 
declining performance observed at temperature 
extremes (Seibel & Deutsch 2020). Thus, the balance 
between  thermally sensitive energetic demands and 
oxygen supply may constrain aerobic scope as well 
as thermal tolerance, and metabolic traits may be 
used to model viable species habitat (e.g. Pörtner 
2010, Deutsch et al. 2020, Seibel & Birk 2022). 

For the spiny dogfish shark Squalus acanthias, a 
small benthopelagic shark (maximum total length 
range: 110–130 cm) representing the most abundant 
elasmobranch within the Northwest Atlantic, spatio-
temporal responses to warming conditions have been 
unclear. S. acanthias has been regarded as a keystone 
species, a key ecosystem modifier in the region (Mor-
gan & Sulikowski 2015), and one of the most dom-
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inant piscivores on the US NES (Link & Garrison 2002, 
Rafferty et al. 2012, Morgan & Sulikowski 2015), 
rapidly filling ecosystem niches vacated by heavily 
overfished resources. In addition, S. acanthias is a 
valuable commercial resource, with landings in the 
Western North Atlantic totaling more than 7575 met-
ric tons (17 million lbs) in 2020 valued at ~$3.2 million 
US (NEFSC 2006). Shifts in S. acanthias distribution 
and abundance under climate change and acute heat-
ing events may have wide-ranging ecological con-
sequences and implications for the management of 
this species. As such, it is critical to investigate the 
dynamics of this species in the region and develop 
tools beyond ecological surveys to predict thermal 
tolerances and potential shifts in viable habitat for S. 
acanthias in the face of rising ocean temperatures and 
the increased incidence of acute marine heating 
events. 

S. acanthias is a wide-ranging species, found in 
North American continental shelf waters from Florida 
to Labrador, most commonly from Cape Hatteras, 
NC, to Nova Scotia (Burgess 2002). These sharks are 
detected most often at depths of 50–150 m (range: 
surface to >500 m; Compagno 1984, Compagno et al. 
2005, Stehlik 2007, Castro & Peebles 2011) and are 
most frequently captured at low temperatures ~6–
15°C (Compagno 1984). S. acanthias populations 
generally avoid temperatures >23°C (Carlson et al. 
2014) and migrate latitudinally and offshore on a sea-
sonal basis, coincident with bottom temperature 
changes (Templeman 1984, Rago et al. 1998, Stehlik 
2007, Ulrich et al. 2007, Sagarese et al. 2014). 
However, studies of in situ movement conducted on 
satellite-tagged S. acanthias have revealed clear dif-
ferences in seasonal distributions, length of seasonal 
residencies, magnitude of north–south and inshore–
offshore seasonal migrations, and thermal associa-
tions between northern and southern portions of the 
stock (Carlson et al. 2014), lending support to the idea 
that there are subpopulations that may differ in ther-
mal habitat use and potentially thermal tolerance 
across the species’ range. Physiological tolerance 
thresholds and thermal sensitivities for this species 
remain unknown, as are the energetic needs and spe-
cific metabolic responses to temperature across the 
species’ distribution. 

This study investigated the acute temperature sen-
sitivity of metabolic traits in S. acanthias of the mid-
Atlantic US NES, evaluating potential drivers of acute 
thermal tolerance and the utility of aerobic scope in 
predicting optimal and sublethal limiting thermal 
conditions for this species. We mechanistically tested 
the role of oxygen supply in temperature-limitation 

(Seibel & Deutsch 2020). We hypothesized (Fig. S1 in 
the Supplement at www.int-res.com/articles/suppl/
m738p161_supp.pdf) that for S. acanthias, AAS 
would peak at an ‘optimal’ temperature correspond-
ing to the preferred thermal habitat of wild S. acan-
thias within the study region. We hypothesized that a 
significant decline in aerobic scope beyond its peak, 
caused by a breakdown in physiological oxygen 
supply and performance, would coincide with a sub-
lethal warm temperature limit approaching 23°C. We 
expected that FAS would demonstrate an inverse 
relationship with temperature for S. acanthias and 
would decline to a minimum limiting threshold near 3 
(Deutsch et al. 2020) at 23°C for this population. 
Results from this study serve to clarify our under-
standing of the drivers of acute thermal tolerance and 
energetic performance in S. acanthias and contribute 
to evaluating metabolic metrics as indicators of viable 
habitat, particularly relevant in an era of increasing 
thermal volatility. 

2.  MATERIALS AND METHODS 

2.1.  Animal collection and care 

Adult Squalus acanthias (n = 90) were collected via 
gillnet (depth: 35–50 ft [~11–15 m]; temperature: 
11.7°C) off Long Beach Island, NJ, in November and 
December 2016 and 2017 (Captain Kevin Wark, FV 
‘Dana Christine’, Barnegat, New Jersey). Animals 
were transported to NOAA’s James J. Howard Sandy 
Hook Marine Laboratory in Highlands, NJ, and held 
in designated circular holding tanks (1601–2846 l; 2–
8 ind. tank–1 depending on tank volume) at ambient 
temperature (~7–13°C). Holding tanks were con-
nected to a flow-through system supplied with fil-
tered and UV-treated water drawn from the bayside of 
Sandy Hook. Subjects were held in captivity for 2–
3 wk prior to experimentation, maintained on a diet of 
herring Clupea harengus, butterfish Peprilus triacan-
thus, and silversides Menidia menidia, and fed ad lib-
itum every other day. Sharks were measured for 
length (Table 1) and ID-tagged via color-coded T-bar 
tags (second dorsal fin). 

2.2.  Ethics statement 

Captive animal husbandry was conducted under 
veterinary guidelines and procedures approved by 
the Institutional Animal Care and Use Committee at 
Rutgers University (protocol no. 15054). 

https://www.int-res.com/articles/suppl/m738p161_supp.pdf
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2.3.  Trial group selection 

Following the 2–3 wk captive adjustment period, 
S. acanthias individuals that fed regularly and ex -
pressed no overt illness or behavioral abnormalities 
were included in physiological measurements (n = 
71). Physiological metrics were measured at a total of 
5 experimental target temperatures (10, 13, 17, 21, 
and 23°C). Power analyses conducted using the 
results of previous research on thermal and oxygen 
sensitivity of black seabass Centropristis striata (Sles-
inger et al. 2019) were used to guide sample size 
determination across trials. A total of 24 individuals 
were assigned to each experimental temperature 
group. For trial group selection, animals were sorted 
by sex and selected for temperature groups at random 
from each of the sexes, with the aim of achieving close 
to a ~50% ratio of males to females for each experi-
mental temperature. 

To obtain metabolic performance metrics at each 
experimental temperature, S. acanthias were sub-
jected to 2 distinct metabolic challenges (described in 
detail below): (1) maximum exercise (exercise trial 
protocol) and (2) hypoxia (hypoxic trial protocol). A 
flow diagram of thermal testing is detailed in Fig. S2. 
In Year 1, thermal experiments were run sequentially 
from low to high temperatures. In Year 2, the order of 

the first 4 experimental temperatures (10–21°C) was 
randomized to allow for greater testing of ‘new indi-
viduals’ (individuals that had not undergone testing 
yet) across temperature groups (see Fig. S2). In both 
years, the highest temperature, 23°C, was conducted 
last in order to avoid thermal stress-related effects on 
measurements at other temperatures. Due to subject 
attrition (ca. 31% total) and limited access to further 
animal collection, ‘recovered’ sharks (in good con-
dition) were included in subsequent temperature 
trials after recovering for a minimum of 6 d following 
their most recent trial and resumed feeding behavior. 
Individuals were used only once per target tempera-
ture and a maximum of 3 target temperatures. 

2.4.  Experimental setup 

To understand how energetic demands change 
across the S. acanthias thermal range, temperature-
controlled intermittent respirometry (Clark et al. 
2013, Svendsen et al. 2016) was used to measure the 
rates of oxygen consumption as a proxy for metabolic 
rate. The 3-phase intermittent respirometry cycle 
included, in sequence, (1) a closed-chamber ‘mea-
sure’ period in which the decline in dissolved oxygen 
(DO) within the chamber was recorded; (2) an open-
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                                                                                                                              Temperature bin (°C) 
                                                                      10                                 13                                 17                                 21                                 23 
 
Intermittent respirometry cycle (cycle phase lengths in min:s) range and (mode) 
Flush                                                       3–6 (6)                       6–8 (6)                      7–11 (7)                   10–12 (12)                12–14 (12) 
Wait                                                               1                                   1                                   1                                   1                                   1 
Measure                                               8–12 (10)                     6–8:30                   6–7:30 (7.5)                   5–6 (5)                       4–5 (5) 
Maximum metabolic rate trials 
n                                                                    22                                 17                                 21                                 23                                 21 
n (for α)                                                       22                                 17                                 21                                 27                                 21 
Sex ratio (F:M)                                        14:8                              9:8                              16:5                             15:8                             17:4 
Mean temp (°C)                               10.14 ± 0.5               13.35 ± 0.36              17.11 ± 1.03              21.24 ± 0.35              23.12 ± 0.38 
Precaudal length (cm)                   67.1 ± 5.16             66.59 ± 5.36              68.15 ± 5.82              68.43 ± 5.13              69.98 ± 6.41 
Fork length (cm)                             73.85 ± 5.77             72.59 ± 4.99              74.70 ± 6.32              75.19 ± 5.99              76.89 ± 5.59 
Stretch total length (cm)              83.28 ± 6.29             81.89 ± 5.61              84.47 ± 6.78              84.36 ± 5.70               86.3 ± 5.82 
Mass (kg)                                            2.3 ± 0.84              2.13 ± 0.75               2.21 ± 0.67               2.26 ± 0.61               2.32 ± 0.63 
PO2 at MMR (kPa)                         20.09 ± 1.25             19.07 ± 1.39              18.81 ± 1.32               17.6 ± 1.41              17.65 ± 1.37 
Max. trial PO2 (kPa)                          21 ± 0.63              20.4 ± 0.64              20.18 ± 0.55              19.75 ± 0.64              19.44 ± 0.69 
Min. trial PO2 (kPa)                       19.28 ± 0.85             17.06 ± 2.01              17.57 ± 0.82              16.57 ± 1.18              16.19 ± 1.35 
Hypoxia trials 
n                                                                     8                                   7                                   6                                   8                                   6 
Sex ratio (F:M)                                         4:4                                3:4                                4:2                                4:4                                4:2 
Mean temp (°C)                                9.64 ± 0.1                13.5 ± 0.01               16.9 ± 0.72              20.44 ± 0.56              22.19 ± 002 
Precaudal length (cm)                    64.19 ± 2.8               64.92 ± 3.97               70.8 ± 6.02              65.25 ± 2.63               67.1 ± 4.53 
Fork length (cm)                              70.5 ± 3.22             71.25 ± 4.13               77.4 ± 6.64              71.69 ± 2.74              73.67 ± 5.14 
Stretch total length (cm)              79.91 ± 3.73             80.58 ± 4.68               87.8 ± 7.42              81.23 ± 3.08              83.12 ± 5.51 
Mass (kg)                                           1.89 ± 0.31              1.87 ± 0.57               2.15 ± 0.68               1.86 ± 0.27                 2 ± 0.56

Table 1. Squalus acanthias demographics and trial summaries. Reported as means ± SD
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chamber ‘flush’ period that allowed for refreshment of 
oxygen and removal of accumulated metabolic waste; 
and (3) a closed-chamber ‘wait’ period that allowed 
uniform mixing and equilibration of oxygen before 
measurement. The duration of cycle phases was tem-
perature-dependent (due to the solubility of oxygen 
decreasing in warmer waters and DO depletion occur-
ring at a much higher rate at warm temperatures due 
to elevated organism demands) and initially cali-
brated to reach starting oxygen levels (air saturation) 
by the end of a flush period (Table 1). Intermittent res-
pirometry phases were automated using a DAQ-M 
instrument (Loligo Systems) for exercise trials but 
were controlled manually during hypoxia trials. 

Experiments were conducted in twin 8000 l recircu-
lating aquaculture systems. Each of these systems con-
sisted of a sand filter (50 μm pore size; Arias 8000 sand 
filter), UV filtration (Twin Smart UV-High-Output 
Sterilizer), activated carbon (Clean & Clear Cartridge 
Filter), and biologic filtration using a bioreactor (Sweet-
water Low-Space Bioreactor). The system included a 
combination of water sourced from Sandy Hook Bay 
and sea salt (Aquavitro) to maintain salinity (mean ± 
SD: 31.98 ± 0.76). The experimental setup (Fig. 1) al-
lowed for simultaneous testing of 4 individuals. Each 
shark was enclosed within an acrylic respirometry 
chamber (100 × 32.5 × 32.5 cm, 106.69 l; inclusive 
of tubing volume; average chamber volume to animal 
volume ratio: 44.45), submerged in 2 round tanks con-
taining aerated seawater (1.83 m diameter; 1200.96 l; 
2 chambers per temperature bath) that served as 
 temperature control and replenishment water during 
flush periods (Fig. 1). A recirculation pump (Eheim 

Universal 2400 l h–1) was affixed to each chamber in a 
closed loop (via gas impermeable Tygon® tubing) 
and provided continuous mixing in the respirometer. 
A second pump (i.e. flush pump; Eheim Universal 
1200 l h–1) was used in an open circuit to supply 
aerated seawater during flush periods. A 1-way valve at 
the posterior end of each chamber permitted outflow of 
water during flushes. DO concentration within each 
chamber was measured using an oxygen dipping probe 
optical mini sensor (PreSens PSt3), placed within the 
closed recirculation loop and connected to a multi-
channel oxygen meter (Witrox-4 instrument, Loligo 
Systems). A temperature probe (Loligo Systems Pt1000) 
within the seawater bath allowed for continuous tem-
perature monitoring. Oxygen and temperature were 
sampled at a rate of 1 Hz for the duration of each trial 
using Loligo  Systems AutoResp Software. Temperature 
was maintained at ±1°C of the starting temperature 
using in-line combination heater–chillers (Aqua Logic 
Del ta Star) and closed-cell foam insulation (5.08 cm) 
surrounding tanks. To minimize disturbance to the 
sharks during trials, experimental tanks were covered 
with insulated foam lids, with a small built-in window to 
maintain photoperiod. 

2.5.  Exercise trial protocol 

To obtain measures of MMR, α, and measures of 
resting metabolic rates (RMR and SMR), S. acanthias 
(n = 24 per experimental temperature) underwent a 
22 h intermittent respirometry exercise trial. Prior to 
testing, subjects were held at the designated experi-
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Fig. 1. (A) Squalus acanthias sealed within an intermittent respirometry chamber, submerged in the temperature bath. (B) Ex-
perimental setup with equipment labels corresponding to names on the right. Items A–H were fully submerged within the tem-
perature bath for the duration of trials. Items M–R were used in hypoxic trials only. Blue arrows indicate direction of water flow
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mental temperature for a 48 h acute acclimation 
period, following a thermal adjustment from holding 
temperature (±3°C d–1). Subjects were fasted 72 h 
prior to metabolic testing to eliminate postprandial 
metabolism (Ferry-Graham & Gibb 2001, Chabot et al. 
2016a). To begin the experiment, S. acanthias were 
individually weighed and placed in a separate ‘chase’ 
tank (diameter: 1.83 m; 1200 l). Individuals were then 
exercised to exhaustion via tactile stimulation to 
elicit MMR (Clark et al. 2013, Rummer et al. 2016, 
Killen et al. 2017). Exhaustion was quantified by the 
subject’s lack of response to both tactile stimulation 
and brief air exposure. The sharks were then sealed 
within the experimental chambers for immediate res-
pirometry measurement as described above. Start 
times for individuals within a trial group were by 
necessity staggered to accommodate individual exer-
cise prior to immediate measurement of MMR; 
however, all individual start times occurred within a 
1.5 h time frame, beginning at the same time of day. 
Once measurement began, subjects were allowed to 
recover in the chambers and return to RMR over the 
22 h time frame of the trial. The time frame of experi-
mentation encompassed the MMR after exercise and 
subsequent recovery to RMRs. At the end of the 22 h 
exercise trials, 14 individuals from each temperature 
were removed from the chambers to recover, while a 
subset of 8 individuals in Year 2 remained within the 
chamber for further testing under hypoxic conditions. 

2.6.  Hypoxia trial protocol 

To obtain measures of α (independent of MMR), to 
confirm SMR (lowest RMRs), and to determine the 
critical oxygen level that limits SMR (PcSMR), we in -
vestigated changes in metabolism under interacting 
temperature and oxygen conditions. For hypoxia 
trials, 8 individuals at each temperature remained in 
the experimental chambers following their 22 h exer-
cise protocol to undergo intermittent respirometry 
testing under declining oxygen conditions. Start 
times were standardized to the same time of day. 
Intermittent respirometry was used as previously 
described, but during flush periods of the hypoxia 
trial, DO was manually reduced by the addition of low 
O2 water from an external reservoir (Fig. 1). Ceramic 
plate micro-oxygen diffusers (Point Four™) were 
used to disperse N2 gas and displace DO in the reser-
voir by ~10% before each flush (Rogers et al. 2016, 
Snyder et al. 2016). DO within the reservoir was mon-
itored using an additional oxygen dipping probe opti-
cal mini sensor (PreSens PSt3) connected to the 

Witrox-4 instrument (Loligo Systems) with manual 
control of N2 gas. Hypoxia trials progressed until 
PcSMR was reliably reached, indicated by a stark and 
continuous decline in an individual’s metabolic rate 
that fell below normal resting measures for each indi-
vidual. The PcSMR threshold represents the oxygen 
level at which an animal can no longer maintain their 
SMR independent of environmental oxygen, where 
aerobic scope is functionally zero, and survival 
becomes time-limited. At PcSMR, organisms also reli-
ably operate at maximum α (Seibel et al. 2021). Upon 
reaching PcSMR and the conclusion of the hypoxia 
trial, individuals were then removed from the 
chamber to recover overnight at full air saturation. 

2.7.  Background respiration 

To account for microbial respiration in chambers 
during experimentation, background O2 consump-
tion was determined over a continuous 2 h, closed-
chamber period following the removal of S. acanthias 
from experimental chambers after metabolic testing. 
The background mass-specific rate of oxygen con-
sumption (MO2) was obtained independently in each 
experimental chamber, after each individual trail, at 
each experimental temperature. Background MO2 
was then calculated for each trial and chamber as the 
mean MO2 of all measure periods within the 2 h back-
ground trial. Individual background MO2 was then 
subtracted from the MO2 measures of the S. acanthias 
trial from which they were derived. To minimize 
microbial growth throughout testing, respirometers 
were scrubbed and rinsed with fresh water once a 
week and air-dried before reassembly. 

2.8.  Metabolic rate (MO2) and metabolic trait 
calculations 

A summary of metabolic definitions, acronyms, 
and the source of each measured metric is listed in 
Table 2. MO2 was calculated for each measure period 
using Eq. (1): 

                                                       (1) 

where MO2 is measured in mg O2 kg–1 h–1, S is the 
slope of the linear regression of MO2 vs. time (mg O2 
l–1 h–1), V is the total volume (l) of the respirometry 
chamber minus the volume of the animal, br is the 
mean background microbial O2 consumption rate 
(mg O2 l–1 h–1), and M is the mass of the individual 

br( )
M

S V–
MO2

#
=
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S. acanthias (kg). Measure periods that showed a lin-
ear regression with R2 < 0.75 were excluded from the 
data sets (Killen et al. 2021). 

In this study, MMR was defined as the maximum 
MO2 measured. Measures of RMR within the exercise 
trials were calculated as the quantile at p = 0.2, (q0.2) 
of all MO2 measures (Claireaux & Chabot 2016) after 
the first 5 h of exercise trials. Measures of RMR were 
used for comparison with measures of RMRs within 
the hypoxia trials that were defined as SMR (RMRs in 
hypoxia trials). Measures of SMR were calculated as 
the quantile at p = 0.2 (q0.2) of all MO2 measures prior 
to oxygen limitation within hypoxia trials. Oxygen 
limitation in hypoxia trials was indicated by a decline 
in MO2 below the lowest consistent resting measures. 
Quantiles were chosen to account for any sporadic 
activity in experimental chambers that could not be 
directly observed or quantified, minimizing the effect 
of outliers and metabolic shift due to spontaneous 
activity of the individual (Chabot et al. 2016b). Direct 
measures of AAS and FAS were then calculated 
according to Table 2 for all S. acanthias individuals 
with corresponding measures of MMR and SMR. 

α was determined following the methods described 
in Seibel et al. (2021). First, instantaneous oxygen 
supply (α0) was calculated for each respirometry mea-
sure period as α0 = MO2 / PO2, with PO2 defined as 
the partial pressure of oxygen, recorded as the aver-
age PO2 of each measure period. α was then defined 
as the highest α0 value achieved during respirometry 
trials. To validate measured values of MMR, we 
additionally used Eq. (2) to calculate an alternative α, 
independent of measured MMR, where MO2 = SMR 
and Pc = PcSMR determined from the breakpoint 
method of Pc estimation (see Text S1). 

                                   α = MO2 / Pc                                 (2) 

                               MMR = PcMAX × α                             (3) 

We then predicted MMR based on the independently 
derived α (Eq. 2: α = SMR / PcSMR; Seibel et al. 2021), 
with PcMAX = 21 kPa (the highest prevailing oxygen 
within S. acanthias range), using Eq. (3), for compari-
son with measured MMR. 

2.9.  Data analysis and thermal modeling of 
 metabolic traits 

All data and statistical analysis were performed in R 
versions 3.4.4 and 3.6.3 (R Core Team 2017, 2020). 
Welch’s t-tests and paired t-tests were used to com-

pare mean differences between metabolic metrics; 
SMR and RMR, measured versus predicted MMR, 
observed α versus α = SMR/PcSMR, and mass be tween 
the sexes. A Bonferroni correction was applied to all 
statistical comparisons of metabolic metrics, as multi-
ple t-tests were used to make comparisons between 
metrics at a total of 5 temperatures. Thus, an alpha 
level of 0.01 was used as a more conservative thres-
hold for determining statistical significance in order 
to control for the incidence of Type 1 error character-
istic of multiple testing. In the case of mass compari-
son between the sexes (independent of temperature), 
no Bonferroni correction was required and an alpha 
level of 0.05 was used. 

Permutational multifactor analysis of covariance 
(PermANCOVA) was used via ‘aovperm’ in the R 
package ‘permuco’ (Frossard & Renaud 2021) to 
assess the effect of temperature on the variation in 
each metabolic performance metric, with mass as a 
potential covariate. In addition, the effect of random 
error due to metabolic variation between individual 
sharks and the use of some individuals at more than 
one temperature was also assessed (see Text S1). 

Mass was found to be a significant source of varia-
tion in S. acanthias metabolic data; thus, mass-spe-
cific metabolic traits (i.e. SMR, MMR, α, AAS, FAS) 
were normalized to a common body mass (population 
mean: 2.24 kg) using Eq. (4) to eliminate the effect of 
mass on metabolic trends. 

                                  MM = b0 × Mb                                (4) 

where MM is the metabolic trait value, b0 is a normal-
ization constant, M is the mass of the animal, and b is 
a mass scaling coefficient for the metabolic trait 
values. Confident determination of a mass scaling 
coefficient for S. acanthias was not possible due to 
insufficient size range between adults in this study 
(<1 order of magnitude); thus, the common quarter-
power scaling coefficient (b = –0.25; Kleiber 1932, 
Gillooly et al. 2001) was used. Quarter-power scaling 
was then used to correct individual performance met-
rics values to the study’s average S. acanthias mass of 
2.4 kg using the ‘scale_MO2’ function (R package 
respirometry v.1.3.0; Birk 2021) that additionally 
determined b0 from the population sample within 
each temperature. 

Thermal performance curves were then generated 
for all metabolic metrics to identify thermal ‘opti-
mality’ or deficits in metabolic performance and 
aerobic scope. RMRs increase exponentially with 
temperature in most ectothermic species (Ege & 
Krogh 1914, Clarke & Johnston 1999, Clarke & 
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Fraser 2004). Therefore, SMR was modeled using an 
exponential curve. The 95% confidence bands were 
generated by bootstrapping via the ‘bootMer’ func-
tion (n = 5000 iterations) from the ‘lme4’ package 
(Bates et al. 2015). 

MMR also typically increases exponentially but 
often plateaus or declines at higher temperatures. 
Due to high species variation in the relationship 
between MMR and temperature (e.g. see meta-analy-
sis by Lefevre 2016), this metric has been modeled dif-
ferently across previous studies and species. As such, 
Cullen and Frey graphs were implemented with boot-
strap sampling (n = 1000 iterations) to determine the 
closest approximations of error distribution for MMR 
and α in this study. Using the ‘fitdistrplus’ package 
(Delignette-Muller & Dutang 2015), the 4 distribu-
tions in closet agreement with metabolic data were 
then compared via visual inspection of quantile–
quantile, histogram and theoretical density, cumu-
lative distribution frequency, probability–probability 
(PP) plots, and maximum likelihood. Logistic distribu-
tion yielded the best fit according to Akaike’s infor-
mation criterion (lowest AIC score) and was ulti-
mately selected to represent the relationship between 
maximum performance metrics (MMR and α) and 
temperature within the experimental range. The 
logistic function was defined by a 3-parameter logistic 
equation: 

                                                         (5) 

where y represents the metabolic metric (MMR or α), 
x represents temperature, A represents the theoretical 
upper horizontal asymptote of the thermal curve, B is 
the temperature value at the inflection point of the 
logistic curve, and C represents a scaling parameter 
indicating the steepness of the increase in metabolic 
rate with temperature. The self-starting function 
‘SSlogis’ (‘stats’ package v.3.6.3; R Core Team 2020) 
was used to determine each parameter of the thermal 
performance curve. Thermal performance curves for 
MMR and α were then fit using non-linear (weighted) 
least squares regression via the ‘minpack.lm’ package 
(Elzhov et al. 2016). Confidence bands were produced 
through bootstrap sampling (n = 5000 iterations) 
using the ‘nlstools’ package (Baty et al. 2015). Vari-
ance and 95% confidence intervals (2.5 and 97.5% 
quantiles) were calculated from the bootstrapped 
model predictions at each temperature. 

A thermal performance curve for AAS was gener-
ated by subtracting modeled SMR from modeled 
MMR at each temperature (AAS = MMR – SMR). As 
AAS is a simple difference of random normally dis-

tributed variables, the variance of AAS at each tem-
perature was calculated as the difference of the vari-
ance (σ) observed in the SMR and the MMR model 
predictions at each temperature. The 95% confidence 
intervals (CI) were thus calculated using Eq. (6), 
where the subscript t denotes the experimental 
 temperature for AAS, SMR, and MMR at each given 
temperature. 

                              (6) 

FAS was calculated as the ratio of the modeled 
MMR to the modeled SMR at each temperature 
(FAS = MMR / SMR). However, the expected vari-
ance of the ratio of random variables is difficult to 
compute and does not follow a normal distribution. 
Thus, we used a Monte Carlo simulation to estimate 
the 95% CI of the FAS at each temperature. At each 
temperature, we calculated FAS as the ratio of ran-
domly simulated MMR and SMR values based on 
each variable’s predicted mean and variance. This 
process was repeated 10 000 times, and the 2.5 and 
97.5% quantiles of the simulated FAS were used to 
estimate confidence bands for FAS at each tempera-
ture. 

Two distinct methods were then used to quantify 
the temperature sensitivity of each metabolic metric 
(SMR, MMR, α, AAS, FAS). The Q10 is a measure of 
the factorial change in metabolic metric for a 10°C 
change in temperature. A Q10 was calculated between 
means of metabolic metrics at 10 and 23°C in accor-
dance with Eq. (7) for measured data binned by target 
temperature as well as for modeled means. 

                                                           (7) 

Here, R1 is the measured variable at a given lower 
temperature (T1) and R2 is that variable measured at a 
given higher temperature (T2). E is the activation 
energy of metabolism, which represents the energy in 
electron volts (eV) that is required to activate the rate-
limiting biochemical reactions that underly metabolic 
traits (Gillooly et al. 2001). E determines the rate of 
response (i.e. thermal sensitivity) of a metabolic trait 
within a given temperature range (Pawar et al. 2016). 
As metabolic reaction rates vary with temperature 
according to Boltzmann-Arrhenius relationships, in 
this study, E values were derived from Boltzmann-
Arrhenius plots for all metabolic metrics. In these 
plots, the natural logarithm of each mass-corrected 
metabolic metric was plotted against inverse tem-
perature, 1/kBT, where kB is Boltzmann’s constant 
(relating thermodynamics and relative kinetic energy 
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of gas particles) and T is the absolute temperature of 
the trial (K). In Arrhenius plots, E values were defined 
by the slope of the linear regression for each metric. 

3.  RESULTS 

Of the 90 sharks captured, 71 successfully com-
pleted trials and were used in analyses (22 males, 49 
females; 1.2–4.38 kg, mean: 2.24 kg; stretch total 
length: 71–94.5 cm; Table 1). Of the total 120 exercise 
trials conducted across temperature, 16 trials were 
unusable, 13 of which were excluded due to female 
sharks birthing in the chamber during measurement 
and the other 3 due to pump malfunctions. Of the 
total 40 hypoxia trials conducted across tempera-
tures, 5 trials were unusable due to early removal of 
individuals that exhibited stress and a decline in con-
dition regardless of PO2. Mass-corrected metabolic 
results are reported below as means ± SD. 

3.1.  Metabolic traits 

Metabolic rate at rest was 53.6–66.8% higher dur-
ing exercise trials (RMR) than during hypoxia trials 
(SMR) at all temperatures (Fig. S3). Significant differ-
ences in RMRs between trial types (Welch’s t-tests, 
p < 0.01; Table S1) suggest that the resting demands 
of Squalus acanthias continually decreased with time 
in the chamber (Chabot et al. 2016b) and support the 
use of resting rates derived from hypoxia trials (after 
the animals had been resting in the chamber for 
>22 h) to define SMR in this study (which by defini-

tion should describe the lowest metabolic rates mea-
sured in a conscious organism at rest). SMR increased 
exponentially with temperature between 10 and 23°C 
(Table 3, Fig. 2A), with a temperature sensitivity of 
E = 0.59 eV (Fig. 3) and Q10 = 2.40 across the mea-
sured range. Temperature had significant effects on 
SMR and MMR (PERMANCOVA; Table 4), as MMR 
was significantly increased with temperature (PER-
MANCOVA; Table 4) with a sensitivity of E = 0.34 eV 
and Q10 = 1.65 between 10 and 23°C (Table 3; Fig. 3). 
MMR did not decline at high temperatures. Modeled 
maximum performance produced a theoretical verti-
cal asymptote at a temperature in excess of 30°C (Eq. 
5; A = 244.74, B = 10.11, C = 4.74), with a lack of 
decline in maximum performance at the highest tem-
peratures (Fig. 2A). However, it is important to point 
out that MMR may deviate from modeled curves bey-
ond our measured thermal range (e.g. demonstrate 
rapid decay at critical temperatures). During MMR 
trials, the PO2 declined from near air-saturation (21 
kPa) to as low as 17.6 ± 1.41 kPa. However, MMR 
measured at trial PO2 was not significantly different 
from that predicted at full air saturation (Eq. 3; 
Welch’s t-tests, p > 0.01; Table S1). In general, S. 
acanthias reached exhaustion faster with shorter 
chase times as temperatures increased (chase time: E 
= 0.73 eV), likely as a result of faster muscle contrac-
tion and greater muscle power at higher temperatures 
(Bernal et al. 2005). 

Values of α (mg O2 kg–1 h–1 kPa–1) significantly in -
creased with temperature (PERMANCOVA; Table 4) 
between 10 and 23°C, with a temperature sensitivity 
(E = 0.39 eV, Q10 = 1.74) similar to that for MMR. 
There was no decline in α at the highest measured 
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                             SMR                            MMR                                     α                                     AAS                      FAS                Chase time 
                  (mg O2 kg–1 h–1)       (mg O2 kg–1 h–1)      (mg O2 kg–1 h–1 kPa–1)    (mg O2 kg–1 h–1)        (ratio)                       (s) 
 
10°Ca            27.94 ± 7.22             120.98 ± 27.65                   6.52 ± 1.67                     84.2 ± 18.7            4 ± 0.96        457.42 ± 169.43 
13°Ca           39.46 ± 11.73            175.96 ± 35.33                   9.62 ± 2.61                  147.79 ± 29.85       4.76 ± 1.9       498.65 ± 156.46 
17°Ca           55.79 ± 12.64            190.49 ± 36.32                   10.38 ± 2.4                  153.71 ± 29.55     3.95 ± 1.51       343.1 ± 123.08 
21°Ca           72.37 ± 10.33            230.32 ± 49.88                   13.21 ± 3.5                   223.42 ± 50.6       3.83 ± 0.78     377.30 ± 126.46 
23°Ca            73.23 ± 6.48             226.91 ± 49.96                  13.33 ± 3.31                166.75 ± 30.29     3.17 ± 0.45       301.95 ± 92.27 
Q10

a                       2.10                               1.62                                    1.73                                  1.69                      0.84                       0.73 
Q10

b                      2.40                               1.65                                    1.74                                  1.39                      0.69                        NA 
Eb                          0.59                               0.34                                    0.39                                  0.25                     -0.25                       0.73 
aCalculated from target temperature binned means 
bCalculated from modeled means (Fig. 2) at each target temperature 

Table 3. Mean metabolic traits and temperature sensitivities binned by target temperature for Squalus acanthias. Measures are 
mass-corrected to the population mean (2.24 kg) and reported as means ± SD. Q10 values are represented as a ratio, calculated 
between 10° and 23°C for all metrics, and E values are represented in electron volts (eV). MMR: maximum metabolic rate; SMR: 
standard metabolic rate (hypoxia trials); RMR: resting metabolic rate (exercise trials); α: oxygen supply capacity; AAS: absolute  

aerobic scope; FAS: factorial aerobic scope. NA: not applicable
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temperatures. Modeled α also produced a theoretical 
peak in excess of 30°C (Eq. 5; A = 244.74, B = 10.11, C 
= 4.74), with no decrease in oxygen supply within the 
measured thermal range. The observed α was not sig-
nificantly different than α calculated from PcSMR 
determined using the breakpoint method, with the 
exception of 23°C (Welch’s t-test, t24.935 = 4.0288, p = 
0.00046; Table S1). Thus, throughout the natural tem-
perature range, α was similar whether determined at 
rest in hypoxia or during maximum exertion in air-
saturated waters. This suggests that MMR declines 
linearly with oxygen from PcMAX to PcSMR (Figs. 4 & 5). 

AAS increased significantly with temperature (PER-
MANCOVA; Table 4). Direct measures of AAS (E = 
0.41 eV) peaked at 21°C, with a decline between 21 
and 23°C that could not be statistically evaluated due 

to low sample size at the 21°C temperature bin (n = 4). 
By contrast, modeled AAS (Fig. 2C), which encom-
passed the entire population of MMR measurements 
rather than only those animals that completed both 
exercise and hypoxia trials, increased with a slightly 
lower temperature coefficient (E = 0.25 eV), and pro-
duced a more reliable estimate of AAS. Modeled AAS 
peaked at ~19.5°C with a non-significant decline be -
tween the peak and 23°C as indicated by strongly 
overlapping CIs (Fig. 2C). 

FAS scaled inversely with temperature, with a tem-
perature sensitivity of E = –0.12 eV for direct mea-
sures and E = –0.25 eV for modeled values (Q10 = 
0.74). Modeled FAS reached a minimum ratio of ~2.7 
at 23°C and was a more reliable estimate of FAS 
(Fig. 2D). 
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Fig. 2. Thermal performance curves for Squalus acanthias showing (A) maximum metabolic rate (MMR; royal blue) and stand-
ard metabolic rate, (SMR; olive), (B) oxygen supply capacity (α), (C) modeled absolute aerobic scope (AAS) derived from sub-
tracting modeled SMR from modeled MMR, and (D) modeled factorial aerobic scope (FAS) derived from the quotient of mod-
eled MMR to modeled SMR. Solid lines model thermal performance of each metabolic metric; solid circles in (A) and (B) 
represent directly observed individual metabolic measurements. Shaded regions: 95% CIs for each model; vertical red dashed 
lines: potential critical upper thermal limit for S. acanthias found in this study; gray shaded regions: thermal region within 
which data was collected. The horizontal purple dashed line in (D) represents a theoretical population limiting threshold at FAS 
= 2.51. Filled black diamonds in (C) and (D) represent measures of AAS and FAS from individuals that completed both exercise 

and hypoxia trials, separate from modeled AAS and FAS (see Sections 2.8 & 2.9)
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3.2.  Sex differences and the effect 
of mass 

Experimental groups for S. acanthias 
across temperatures ranged from 19 
to  47 % male (Table 1). There was a 
significant difference in mass between 
the sexes (Welch’s t-test, t101.31 = 14.33, 
p = 2.2 × 10–16), with females on aver-
age 1.07 kg larger (1.73× the mass of 
males) and 10.05 cm longer than their 
male counterparts (Table 1). Though 
mass was not found to be a covari -
ate  of  temperature, mass did signifi-
cantly  affect the variance in SMR, 
MMR, and α across temperatures 
(PERMANCOVA; Table 4) for mass-
specific values. Larger female sharks 
generally had lower mass-specific 
metabolic rates than smaller male 
sharks (Fig. S4). How ever, after nor-
malizing to a common mass (using 
Eq.  4), there was no significant effect 
of  sex on MMR or α (Table S1). The 
smaller sample size for hypoxia trials 
(Table 1) precluded reliable statistical 

comparisons between sexes for SMR, 
PcSMR, and direct measures of  aerobic 
scope. 

3.3.  Loss of equilibrium and 
mortality 

All sharks at rest (and periodically 
during swimming in holding) exhib-
ited a loss of equilibrium at ≥20°C 
regardless of ambient PO2 (Fig. 6). 
Equilibrium loss was remedied when 
sharks were returned to 18°C with no 
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Variable       Effect                                        df               Pseudo            Resampled p 
                                                                                            F-value            (perm)-value 
 
MMR            Temperature                           4                 29.145                   0.0002 
                      Mass                                          1                 55.134                   0.0002 
                      Mass × temperature             4                  2.136                    0.0834 

SMR             Temperature                           4               33.4453                  0.0002 
                      Mass                                          1               13.6023                  0.0012 
                      Mass × temperature             4                 0.7361                   0.5740 

RMR             Temperature                           4               85.8228                  0.0002 
                      Mass                                          1               29.1065                  0.0002 
                      Mass × temperature             4                 0.5853                   0.6700 

α                    Temperature                           4               23.7358                  0.0002 
                      Mass                                          1               41.2323                  0.0002 
                      Mass × temperature             4                 0.8728                   0.4634 

AAS              Temperature                           4           2.477 × 10–5              0.0002 
                      Mass                                          1               0.00719                  0.9310 
                      Mass × temperature             4               1.12853                  0.3740 

FAS               Temperature                           4                 1.8866                   0.1524 
                      Mass                                          1                 1.2143                   0.2786 
                      Mass × temperature             4                 0.5707                   0.6930

Table 4. Permutational ANCOVA results of metabolic metrics by target tem-
perature bin for Squalus acanthias trials. MMR: maximum metabolic rate; 
SMR: standard metabolic rate (hypoxia trials); RMR: resting metabolic rate (ex-
ercise trials); α: oxygen supply capacity; AAS: absolute aerobic scope; FAS: 
factorial aerobic scope; p(perm)-values were calculated from permutational  

ANCOVA; bold values are significant (p ≤ 0.05)

Fig. 3. Arrhenius relationships of metabolic 
metrics for Squalus acanthias trials. Tem-
perature sensitivities, E (eV), are derived 
from each slope, where kB is Boltzmann’s 
constant and T is temperature (K). Negative 
slope indicates an increase with tempe -
rature (°C). MMR: maximum metabolic 
rate; RMR: resting metabolic rate (exercise 
trials); SMR: standard metabolic rate (hyp-
oxia trials); α: oxygen supply capacity; 
AAS: absolute aerobic scope; FAS: factorial  

aerobic scope
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overt residual issues. Interestingly, swimming at 
high temperatures during chase protocols appeared 
unaffected. Attempts to acclimate sharks for further 
testing at 25°C resulted in 41.6% mortality (n = 5 
of 12 individuals in the experimental group) within 
the first 36 h of exposure to water ≥24°C, with 
33.33% of that mortality occurring within 12–24 h 
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Fig. 4. Metabolic rates, the alpha line, and oxygen supply for 
a representative Squalus acanthias. (A) Oxygen consump-
tion rates (MO2; filled blue circles are from exercise trials; 
filled blue diamonds are from hypoxia trials) for each closed 
measure period of exercise and hypoxia trials. The α-line 
(MMR = α × PO2) describes the oxygen dependency of max-
imum metabolic rate (MMR) between PcMAX and PcSMR. PcSMR 
is the partial pressure of oxygen (PO2) at which standard 
metabolic rate (SMR) intersects the α-line. PcMAX (dashed 
teal line) is the PO2 at which MMR becomes oxygen-depen-
dent, assumed to be 21 kPa for this species. MMR (yellow cir-
cle) and predicted MMR at 21 kPa (purple circle) are shown 
at the trial PO2 and PcMAX, respectively. (B) Oxygen supply 
(filled green circles are from exercise trials; filled green dia-
monds are from hypoxia trials) for closed measures pictured 
in (A) represent the oxygen physiologically supplied per unit 
available pressure (α0 = MO2/PO2). Oxygen supply capac-
ity (dotted line) is the maximum oxygen supply demon- 

strated for the same individual

Fig. 5. Average oxygen and temperature dependency of maximum metabolic rate (MMR) for Squalus acanthias. Blue solid line 
passing through the origin: average α-line (MMR = α × PO2; describes the oxygen dependency of MMR) at each temperature 
bin extrapolated to a PcMAX (the PO2 at which MMR becomes oxygen-dependent) of 21 kPa (air-saturation, red dashed lines); 
gray shaded section: standard deviation of the α-line at each temperature. Orange-filled circles: average MMR and oxygen 
level at which a factorial aerobic scope (FAS) of 2.5 (demonstrative critical FAS) would occur at each temperature based on our 
modeled averages. Percentages: % air saturation (% of 21 kPa) at which the FAS of 2.5 occurs; purple dashed line: how an FAS  

of 2.5 changes across temperature and O2
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of exposure. Abnormal or sporadic swimming or 
loss of equilibrium have previously been used as 
identifiers of physiological stress and critical ther-
mal limits for fish species (e.g. Elliott & Elliott 2010, 
Brauner & Richards 2020). The observation of mor-
tality during acclimation to high temperatures 
(≥24°C) was similar to studies identifying incre-
mental thermal maximum (critical upper tempera-
ture resulting in death after low rates of temperature 
increase e.g. 0.25°C d−1; Lutterschmidt & Hutchison 
1997, Zanuzzo et al. 2019, Bartlett et al. 2022) and 
the incremental thermal maximum-like stress result-
ing in morbidity in aquaculture scena rios (Brauner 
& Richards 2020). These abnormal behaviors were 
noted during routine observation of S. acanthias in 
holding and during limited opportunistic observa-
tion in trials. Such behavioral observations served 
to identify conditions that induced overt stress in S. 
acanthias, identify potential suboptimal tempera-
tures, and try to estimate critical limiting tempera-
tures within the thermal range during experimenta-
tion or acclimation. 

4.  DISCUSSION 

This study evaluated thermal sensitivity of several 
metabolic traits for Squalus acanthias of the US NES. 
Oxygen supply and aerobic scope were evaluated for 
their contribution to thermal tolerance limits, as was 

the ability of aerobic scope to inform 
thermal optimality and sublethal ther-
mal limits for S. acanthias. Here, we 
present the first measures of energetic 
demands from rest to maximum per-
formance, α, and aerobic scope for this 
species in the Atlantic. We further dis-
cuss the implications of our findings in 
predicting viable habitat for S. acan-
thias, the universality of aerobic scope 
as a predictive limiting metric across 
species diversity, and other considera-
tions for thermal tolerance and bio-
geographic responses of S. acanthias 
in an era of climate change. As aver-
age temperatures within the US NES 
continue to rise outside of the species’ 
occupied thermal envelope and the 
frequency of acute heating events 
increases, sublethal and critical upper 
thermal limits become a key constraint 
on viable habitat. 

4.1.  Thermal sensitivity 

The temperature sensitivity of SMR was in the 
range for most coastal marine species (E mean: ca. 
0.6–0.65 eV; Huey & Kingsolver 2011, Deutsch et al. 
2020), while that of MMR (E = 0.34 eV) was consider-
ably lower, resulting in declining FAS as temperature 
increases. Diminished aerobic scope at high tempera-
tures is widely believed to determine thermal toler-
ance limits and, thus, biogeography. Moreover, oxy -
gen limitation at high temperatures is also proposed 
to limit aerobic scope (e.g. Pörtner & Knust 2007, Far-
rell et al. 2008, Pörtner 2010, Eliason et al. 2011) by a 
failure of the cardiorespiratory system to increase 
oxygen supply to tissues at a rate that supports the 
rise in basic demands at higher temperatures (Clarke 
& Johnston 1999, Lefevre 2016). However, failure of 
oxygen supply and aerobic scope do not universally 
explain species’ thermal limits (e.g. Ern et al. 2016, 
Lefevre 2016, Jutfelt et al. 2018, Seibel & Deutsch 
2020). Outside the evolved thermal range, any 
number of processes including α may fail (e.g. protein 
unfolding, cytoskeleton network collapse, errant 
localization of organelles, reduced mitochondrial 
function, morphological changes in membranes, 
aberrant RNA splicing: Richter et al. 2010; loss of neu-
rological function: Prosser & Nelson 1981, Prosser 
1991, Ern et al. 2015, etc.) as there is reduced selective 
pressure to preserve function at temperatures outside 
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Fig. 6. Squalus acanthias individuals displaying loss of equilibrium at rest 
(≥20°C). Oxygen in holding tanks substantially exceeded PcSMR (the oxygen 
level that limits the ability to support standard metabolic rate), indicating that 
oxygen limitation is not the cause of the loss of equilibrium. Righting reflex  

was restored when sharks were returned to cooler temperatures (18°C)
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the natural range. Reduced aerobic scope at high 
temperatures may also result from a failure of the 
metabolic machinery to use oxygen (e.g. muscle oxi-
dative performance) or an inability of the muscles to 
produce equivalent work rather than an inability to 
provide sufficient oxygen (e.g. Slesinger et al. 2019). 
In addition, animals may be limited by temperatures 
that constrain processes vital for fitness, such as 
growth or reproduction, long before temperatures are 
reached that may limit aerobic scope or oxygen 
supply (Clark et al. 2013). 

In the present study, we found no evidence that 
oxygen supply limits active metabolism at the tested 
levels or that aerobic scope constrains thermal toler-
ance in S. acanthias under normoxic conditions. In 
this study, maximum performance and AAS were not 
diminished at thermal limits. Additionally, α in -
creased in direct proportion to MMR, supporting the 
findings of Seibel & Deutsch (2020) that α has evolved 
to support MMRs at the prevailing oxygen pressure. 
Parallel trends in MMR and α suggest that as tem-
peratures increase, physiological adjustments (e.g. 
Gräns et al. 2014) are made at various steps along the 
oxygen supply chain to accommodate elevated 
demands in S. acanthias (Seibel & Deutsch 2020), with 
such adjustments occurring even as estimated critical 
temperatures were approached. For example, oxygen 
supply adjustments may include increased cardiac 
output as a result of increases in heart rate or stroke 
volume (Farrell 2002, Clark et al. 2008), increased 
ventilation (Burton 1979), increased blood oxygen 
carrying capacity via increased red blood cell volume 
(Muñoz et al. 2018), or changes in oxygen exchange 
surfaces within the body to promote increased extrac-
tion or diffusion rates (Sollid & Nilsson 2006). 

For this population of dogfish, 24°C was estimated 
to be a critical temperature (although true designa-
tion would require separate traditionally defined crit-
ical thermal maximum (CTMAX) trials). Overall, there 
appears to be selection for maximum performance, 
oxygen supply, and adequate aerobic scope to be 
maintained at high temperatures, up until the point of 
estimated critical thermal limits for S. acanthias. 
Thus, a sublethal upper limiting temperature cannot 
be indicated by a significant decline in AAS or α for 
this species. 

AAS increases continuously up to ~19.5°C, where-
after it plateaus to 23°C. The temperature range 
across which AAS peaks cannot be considered an 
optimal temperature range for this species as these 
temperatures resulted in a loss of equilibrium regard-
less of environmental PO2. Loss of equilibrium typi-
cally indicates physiological stress and a loss of neu-

romuscular function, which is commonly used to 
identify behavioral impairment (Davis 2010, Raby et 
al. 2012, Holder et al. 2020, Whitney et al. 2021), hyp-
oxic thresholds (Speers-Roesch et al. 2013, Borowiec 
et al. 2016, Wood 2018, Borowiec et al. 2020), acute 
upper thermal tolerance (Beitinger & Lutterschmidt 
2011), and CTMAX (Elliott & Elliott 2010, Brauner & 
Richards 2020). In this study, loss of equilibrium 
occurred at oxygen saturation well above determined 
PcSMR and without a detriment to aerobic scope or 
maximum capacity. Equilibrium was restored when 
the temperature was lowered to 18°C, suggesting that 
its loss was a result of thermal stress and not oxygen 
limitation. 

Reported habitat use for wild S. acanthias also sug-
gests that such high temperatures are not preferred 
by S. acanthias. Catch frequency for this species is 
generally highest between 6 and 15°C (Jensen 1966, 
Castro 1983, McMillan & Morse 1999, Stehlik 2007, 
Bockus et al. 2020; although many of these studies 
have also reported less frequent landings at tempera-
tures as low as 4°C, up to 22°C), and despite a large 
thermal range occupied by S. acanthias, preferred in 
situ temperatures for satellite-tagged individuals 
(inclusive of the study region) were skewed to colder 
values (9–13°C; 2–3 yr satellite tags; Carlson et al. 
2014). Additionally, Bockus et al. (2020) identified 
thermal stress at 21°C via a 3-fold elevation in heat-
shock proteins (vital in the protection of protein 
structure and function against thermal stress; Richter 
et al. 2010) relative to 15°C controls for S. acanthias. 
Such mounting physiological evidence of the onset of 
thermal stress around temperatures in which AAS 
peaks, and ecological evidence of preference for 
cooler temperatures, make it difficult to reconcile 
peak AAS with thermal optimality for S. acanthias. 

Although AAS was highest at the warmest tempe -
ratures, SMR was elevated by >2.5 times. Greater 
effort is then required for foraging activities to 
 support elevated caloric demands at high tempe -
ratures. These additional energetic costs must be 
weighed against potential advantages (if any) in 
growth rate, scope for predator evasion, or repro -
ductive output at higher temperatures (discussed 
below). Moreover, the effect of temperature on the 
costs of growth or reproduction for this species is 
unknown. More active, ram ventilating, highly 
migratory, pelagic species such as mahi-mahi Cory-
phaena hippurus benefit from most often residing in 
the tight thermal range (24–29°C; Hammond 2008, 
Farrell et al. 2014, Merten et al. 2014b) that pro -
vides their greatest aerobic capacity and swim speed 
performance (Heuer et al. 2021). Mahi-mahi swim 
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continuously and have higher relative metabolic de -
mands (Heuer et al. 2021) than S. acanthias, are sig-
nificantly more fecund, and have one of the highest 
known growth rates for teleost species (Palko et al. 
1982, Benetti et al. 1995, Merten et al. 2014a,b). For 
the less active, benthopelagic S. acanthias, which has 
low growth rates and low fecundity and does not need 
to swim continuously to breathe, it appears as though 
maximized aerobic scope is not worth the trade-off of 
residing at higher temperatures that require continu-
ously elevated metabolic demands. These findings 
are in contrast to the oxygen- and capacity-limited 
thermal tolerance (OCLTT) hypothesis that promotes 
oxygen limitation and constrained aerobic scope as 
the universal primary drivers of upper thermal toler-
ance (Pörtner 2010). 

4.2.  FAS and viable habitat 

Other prevailing metabolic theories such as the 
metabolic index (Deutsch et al. 2015, Deutsch et al. 
2020) focus instead on delineating viable species hab-
itat based on the minimum FAS that is required to sus-
tain individual survival as well as population success. 
A survey of diverse marine species previously demon-
strated that the warm end of species’ natural distribu-
tion is coincident with an FAS near 3. In other words, 
the environmental PO2 must ex ceed a species’ PcSMR 
by about 3× (Deutsch et al. 2015, 2020). However, in S. 
acanthias, FAS reaches a minimum of 2.7 at 23°C, near 
the estimated critical temperature. Thus, FAS does 
not appear to be limiting (Table 3, Fig. 4), as thermal 
tolerance is already failing at 20°C due to factors 
other than oxygen or energy supply, such as reduced 
protein function (Bockus et al. 2020). 

Our results suggest that if a particular value of 
FAS can limit dogfish populations, it may only be 
reached at lower environmental oxygen conditions. 
For example, limited data shows current DO levels 
in the US NES are thought to reach as low as ~80% 
air saturation across the shelf (Slesinger et al. 2024) 
(al though there is poor spatiotemporal oxygen data 
resolution). Air saturation of 75% would reduce FAS 
to values below 2.7, even within the tolerated tem-
perature range (Fig. 5). While the US NES does not 
have large-scale oxygen minimum zones like those 
characteristic of equatorial upwelling zones (e.g. 
western coasts of North and South America, Africa, 
and the Indian Ocean), hypoxic episodes have been 
recorded in estuaries and coastal waters of the US 
North Atlantic (6–35% of surveyed sites) and Mid-
Atlantic regions (42–64% of surveyed sites) since 

the 1980s into the 2000s (Jewett et al. 2010), as 
symptoms of anthropogenic coastal nutrient loading. 
Therefore, although aerobic scope does not pri-
marily limit thermal tolerance in this species in nor-
moxia (air saturation), as oxygen saturation declines 
with rising ocean temperature and depth, and 
instances of hypoxia are becoming more prevalent 
in coastal waters globally (Diaz & Rosenberg 2008, 
Diaz & Breitburg 2009, Zhang et al. 2010), oxygen 
limitation of aerobic scope could contribute to hab-
itat shifts for S. acanthias. However, to determine a 
true critical FAS for this species and whether it is 
likely to be limiting under future environmental sce-
narios, more fine-scale ecological data on S. acan-
thias movement, abundance, and distribution in re -
lation to temperature and oxygen is needed, along 
with better oxygen and temperature data resolution 
at depth on the US NES. It is clear further investiga-
tion is required to identify the nuances of the effects 
of interacting abiotic variables on thermal tolerance 
and viable habitat. 

4.3.  Other considerations for thermal tolerance and 
biogeographic responses under climate change 

Ultimately, the ability of ectothermic species to sur-
vive and thrive as climate change intensifies (Schef -
fers et al. 2016, Pecl et al. 2017, IPCC 2019) will 
depend on myriad factors. Current physiological 
capabilities, capacity for acclimation and/or adapta-
tion to new conditions, the rate of environmental 
change (Nguyen et al. 2011, Pinsky et al. 2013), and 
ecological factors such as how heavily species rely on 
certain prey items, may influence species biogeo-
graphical responses to climate change. 

While S. acanthias have been observed to vertically 
migrate in pursuit of abundant prey resources such as 
longfin squid (Stehlik 2007, Sagarese et al. 2014), and 
trends in the distribution of various size classes have 
been correlated with general prey abundance (Saga-
rese et al. 2014), S. acanthias are considered general-
ist predators. They demonstrate opportunistic feed-
ing with a diet that reflects local prey abundance 
(Moustahfid et al. 2010) and is subject to changes 
in time, environmental factors (specifically tempera-
ture), and geographic location (Stehlik 2007, Del-
l’Apa et al. 2015). These animals have also been 
highly successful in filling vacated trophic niches 
(Link & Garrison 2002) and dominate as piscivores in 
their ecosystems. In addition, previous research has 
identified potentially increased top-down influence 
of S. acanthias across the US NES under current 
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warming scenarios, with a potential 2-fold increase in 
overlapping habitat for prey S. acanthias has less 
interaction with at low temperatures (Selden et al. 
2018). Bearing that in mind, distributional responses 
of S. acanthias under elevated temperature scenarios 
are unlikely to be governed by the thermal tolerances 
of specific prey items, but rather by their own abilities 
to tolerate, acclimate, and/or adapt to environmental 
change on various time scales. 

As ocean warming continues, exposure to stressful 
temperatures within the currently occupied range of 
this species is expected to rise. However, there exists 
limited information on the proportion of time that S. 
acanthias currently spend near their thermal limits or 
with what regularity these sharks move through 
potentially challenging thermal environments. This 
study quantified metabolic responses of S. acanthias 
that were incrementally acclimated to target tem-
peratures over the course of days. Changes in this 
timeframe reflect the abilities of S. acanthias to cope 
with acute changes in temperature and ‘stints’ at 
elevated temperatures, particularly relevant in the 
face of increased daily thermal fluctuations and 
increasing intensity and frequency marine heatwaves 
(Easterling et al. 2000, Meehl & Tebaldi 2004, Rahm-
storf & Coumou 2011, Stocker et al. 2013, Oliver et al. 
2018). Heat anomalies +2–7°C occur across the US 
NES with the greatest frequency in the Mid-Atlantic 
Bight (Schlegel et al. 2021, Großelindemann et al. 
2022) and can last between 5 and 400 d (Oliver et 
al. 2018). Thermal sensitivity and the capacity for 
thermal acclimation on longer time scales (weeks, 
months, etc.) may be equally important for predicting 
organism responses and limiting thermal thresholds 
under extended heatwaves and long-term warming 
trends characteristic of climate change. Acclimation 
can increase thermal tolerance by reducing metabo-
lism relative to the initial acute thermal change, mod-
ulating SMR and aerobic scope, and allowing for com-
pensation of direct thermodynamic effects on 
metabolism (Precht 1958, Johnston & Dunn 1987, 
Angiletta 2009, Schulte et al. 2011, Seebacher & 
Franklin 2012, Sandblom et al. 2014, Bouyoucos et al. 
2022, Johansen et al. 2021, Wheeler et al. 2022). The 
acute thermal stress we observed coincided with re -
sults from studies that had longer acclimation times, 
and with thermal limits revealed by satellite-tagged 
individuals within the study region. However, long-
term thermal acclimation requires further investiga-
tion to quantify the limits of physiological plasticity 
in thermal tolerance for S. acanthias. Additionally, 
although thermal adaptation to high temperatures is 
possible, for many marine species, climate change is 

occurring faster than the rate of adaptation through 
natural selection (Gienapp et al. 2008, Reusch 2014, 
Fox et al. 2019). S. acanthias are long-lived, late to 
mature (females ~12 yr, males ~6 yr; Nammack et al. 
1985, Burgess 2002, Castro & Peebles 2011), with low 
fecundity (1–15 pups per reproductive cycle in the 
NW Atlantic; Colvocoresses & Musick 1980, Burgess 
2002) and long gestation (18–24 mo; NEFSC 2006). 
Thus, adaptation seems unlikely to keep pace with 
the rapid rate of environmental change on the US 
NES, given the slow generational turnover. 

Responses to both acute and long-term warming 
outside of tolerance thresholds for this species could 
include poleward shifting distributions, more fre quent 
use of offshore habitats, or a change in occupied 
depths that could ultimately lead to shifts in core hab-
itat use or decreased residency times (Nye et al. 2009, 
Kleisner et al. 2017, Morley et al. 2018). While pole-
ward distributional shifts have not been reported for S. 
acanthias to date, the extensive range of this species 
outside the bounds of study surveys (Nye et al. 2009) 
has made previous assessments of responses to climate 
change difficult to interpret. For both the northern and 
southern parts of the stock, the highest mean daily 
temperatures experienced by S. acanthias occurred in 
months when they used the shallowest habitat (<50 m; 
mean daily depth 50 m, summer; Carlson et al. 2014). 
Tagged S. acanthias have ranged from the surface to 
depths of 481.5 m (northern tags) and 214.5 m (south-
ern tags), with individuals occupying a range of 
depths throughout the day. Maximum depths for 
S. acanthias have also been reported to reach 500–
900 m (Compagno 1984, Stehlik 2007), suggesting that 
vertical displacement to deeper waters in pursuit of 
thermal refuge may also be a viable strategy in times of 
thermal stress. Marine heatwaves occur both at the 
surface and at depth. They are especially intense (up 
to +7°C anomaly) at depths between 100 and 150 m on 
the US NES (Großelindemann et al. 2022) and have 
been recorded as deep as 300 m globally (Ryan et al. 
2021), depths that S. acanthias also regularly occupy. 
Such events may not necessarily limit aerobic per-
formance, but they may compress the habitat available 
to optimize fitness-related traits. However, the per-
centage of currently occupied habitat that would need 
to warm beyond sublethal thermal limits to induce 
shifts in habitat association for this species is unknown, 
as is the rate and duration of thermal change that may 
induce biogeographical changes. It is also unknown 
whether trends in thermal performance and tolerance 
are the same across the species range or whether there 
are differences between S. acanthias groups or latitu-
dinally distinct populations. 
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Results from this study demonstrate metabolic de -
mands and associated α are related to size in S. acan-
thias (Table 4, Fig. S4). Smaller animals had a higher 
per kg tissue (mass-specific) metabolic rate than 
larger conspecifics, despite the greater overall (non-
mass-specific) metabolic demand in larger animals 
(Fig. S4). S. acanthias schools by size prior to sexual 
maturity and by sex as well as size after maturity 
(Ford 1921, Shepherd et al. 2002, Stehlik 2007, Del-
l’Apa et al. 2014). Thus, schooling individuals of sim-
ilar size should have similar metabolic demands, and 
this lends support to the idea that this species 
schools according to metabolic needs (see Dell’Apa 
et al. 2015). When the effect of mass was removed, 
S. acanthias did not demonstrate significant dif -
ferences in metrics between the sexes; thus, meta-
bolic differences between sexes in S. acanthias also 
appear largely related to size (Fig. S4), although we 
were unable to tease apart the specific effects of ges-
tation and reproductive investment on metabolic 
metrics (see below). Between adults of this popula-
tion, however, it appears that size alone (<1 order of 
magnitude difference) may not be enough to drive 
differential thermal tolerance between the sexes, 
given that mean temperature differences did not 
exceed 1°C between the sexes in satellite-tagged 
adult wild S. acanthias (Carlson et al. 2014, see also 
Shepherd et al. 2002). Although the effect of growth 
or reproduction on metabolic demands and tempera-
ture sensitivity in S. acanthias was outside the core 
objectives of this study, mass-related results may 
indicate that ontogenetic differences may impact 
thermal sensitivity of S. acanthias as in other species 
(Harris 1952, Moore 1998, Shepherd et al. 2002, Pis-
tevos et al. 2015). 

We were unable to tease apart the specific effects 
of gestation and reproductive investment on meta-
bolic metrics. Given that mature S. acanthias females 
spend the majority of their time in gamete invest-
ment and gestation, the impact of reproduction 
requires further consideration in the responses of S. 
acanthias to rising temperatures. S. acanthias has 
one of the longest gestation periods of any vertebrate 
species at 18–24 mo (NEFSC 2006), exhibits simul-
taneous follicular maturation and gestation (Demi-
rhan & Seyhan 2006) as well as the ability to simulta-
neously carry pregnancies of different gestational 
stages within one individual (observed in this study). 
As mating occurs immediately after parturition 
(Jensen 1966, Hanchet 1988), mature S. acanthias 
females are continuously investing in reproduction. 
Although we were not able to distinguish the effects 
of gestational stage in S. acanthias, oxygen demand 

increases during gamete production in many marine 
species (Masonjones 2001, Kraffe et al. 2008, 
Madeira et al. 2012). Ad ditionally, for live-bearing 
species like S. acanthias, the increasing oxygen 
demands of developing em bryos add to the meta-
bolic burden and may impose further constraints on 
upper thermal tolerance in carrying females (Dygert 
& Gunderson 1991, Baeza & Ferńandez 2002, Tim-
merman & Chapman 2003, Green & McCormick 
2005, Auer et al. 2021). 

Females of several fish species enter warmer coastal 
waters to take advantage of temperatures that accel-
erate parturition (Moore 1998, Shepherd et al. 2002), 
embryo development (Harris 1952, Pistevos et al. 
2015), gestation (Hight & Lowe 2007, Jirik & Lowe 
2012, Nosal et al. 2014), and in the case of S. acan-
thias, warmer waters would also in crease aerobic 
scope for other vital activities (e.g. foraging and loco-
motion to support elevated demands of pregnancy). 
However, warmer waters also elevate the cost of all 
demands, including associated costs of pregnancy, 
and there is very clearly a point of diminishing 
returns. Given that temperatures at which aerobic 
scope is maximized in this species coincide with 
stress and impaired neural function, reproductive 
investment and gestation are not optimized at peak 
aerobic scope (19.5°C), in contrast to the OCLTT 
theory. Furthermore, if pregnant females have higher 
metabolic demands, they may demonstrate height-
ened vulnerability to climate shifts and habitat loss 
than conspecifics, as the thermal window for repro-
duction is often much smaller than the thermal win-
dow for activity (Fry 1971, Dahlke et al. 2020b). 
Future temperature-controlled studies of me tabolic 
demand throughout gamete investment and gestation 
are warranted for this species. 

It is also key to consider variations in thermal sensi-
tivity and tolerance between portions of a managed 
stock. Due to the propensity for long migrations and 
the wide species distribution, S. acanthias is managed 
as a single stock on the US Atlantic coast (ASMFC 
2002). Genetic data support a single, randomly breed-
ing population throughout the western North At -
lantic (Hisaw & Albert 1947, Veríssimo et al. 2010, 
Veríssimo et al. 2011). However, there is mounting 
evi dence of subgroups or subpopulations that exhibit 
distinct movement patterns, seasonal distributions, 
thermal associations, and more limited intermixing 
than previously assumed (Campana et al. 2008, 2009, 
Campana 2010, Rulifson 2010, Rulifson et al. 2012a, 
Carlson et al. 2014). In situ satellite data from S. acan-
thias (Carlson et al. 2014) revealed that the northern 
group (tagged in the Gulf of Maine) stayed primarily 
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around the Gulf of Maine, with a portion of the pop-
ulation spending autumn and winter off the coast of 
New York and New Jersey. The southern group 
(tagged off Cape Hatteras) spent winter and spring 
south of Delaware, migrating north for summer into 
New Jersey, with autumn being the only season with 
spatial overlap in 50% utilization distributions be -
tween the northern group and southern group (New 
York and New Jersey). Northern groups and southern 
groups also significantly differed in mean overall 
temperature (~3.5°C higher in the southern group), 
mean seasonal temps (~2–5°C higher for the south-
ern group), mean overall depth (nearly 3-fold deeper 
for the northern group, ~65.7 m deeper), mean sea-
sonal depth (27.9–88.4 m deeper for the northern 
group in winter, spring, summer). In addition, individ-
uals captured off Cape Hatteras, NC, appear to spend 
more time at elevated temperatures (≥21°C) (Carlson 
et al. 2014) and as a whole, tended to occur in shal-
lower water (mid-Atlantic Bight and higher latitudes) 
(Rulifson & Moore 2009, Rulifson et al. 2012), which 
has been attributed to a higher thermal preference in 
southern groups rather than an inability to access 
deeper, cooler, offshore depths (Carlson et al. 2014). 
Carlson et al. (2014) concluded that the observed 
 differences between the 2 tagged groups are not in -
dicative of a migration pattern associated with a sin-
gle coast-wide population of a large-scale migratory 
species. 

Furthermore, in North and South Carolina, the 
maximum temperature of capture for S. acanthias has 
been reported as high as 24–29.1°C (Ulrich et al. 
2007, Bangley & Rulifson 2017). The presence of 
active S. acanthias at temperatures >24°C contrasts 
evidence for estimated critical temperature limits in 
this study, and maximum temperatures of capture for 
northern S. acanthias groups (e.g. Jensen 1966, Cas-
tro 1983, McMillan & Morse 1999, Stehlik 2007, 
Bockus et al. 2020). Considering the timing and loca-
tion of animal collections in this study compared to 
tagging studies, our samples are most likely to be rep-
resentative of northern individuals. Such evidence 
suggests varying thermal tolerance across the latitu-
dinal range of S. acanthias. However, the degree of 
difference in thermal tolerance between subpopula-
tions, if any, is unclear, as is the mechanism driving 
such potential differences. 

5.  CONCLUSIONS 

For Squalus acanthias in this study, 23°C likely rep-
resents an acute sublethal thermal tolerance limit, 

with mortality occurring at higher temperatures. 
However, loss of equilibrium occurred at tempera-
tures as low as ~20°C, suggesting that population 
limits may occur well below the estimated critical 
temperature. We found no decrement in aerobic 
scope or α up to 23°C, suggesting that oxygen limita-
tion does not adequately explain thermal limitation in 
this population, nor does aerobic scope indicate ‘ther-
mal optimality’, sublethal thermal limits, or viable 
thermal habitat for this population. Future studies 
with this species should focus on identifying the pri-
mary drivers of thermal tolerance under varied envi-
ronmental scenarios, acclimation to confirm thermal 
tolerance across longer time scales, and how thermal 
tolerance may vary with life stage, reproductive 
status, size, and across potential latitudinally diver-
gent subpopulations. Such investigations may tease 
apart the current and long-term ability of S. acanthias 
to cope with a changing thermal environment across 
their extensive distribution and allow for better pre-
dictions of ecosystem consequences of shifting hab-
itat viability. 
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