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Abstract
Gulf of Maine waters are warming rapidly, prompting a reevaluation of how commercially important marine species will
respond. The goal of this study was to determine the respiratory, cardiac, and locomotory responses of American lobsters
(Homarus americanus) to increasing water temperatures and to compare these to similar published studies. First, we mea-
sured the heart rate and ventilation rate of 10 lobsters that were confined in a temperature-controlled chamber while ex-
posing them to gradually warming temperatures from 16 to 30 7C over 7 h. Both heart rate and ventilation rate increased
along with the temperature up to a break point, with the mean heart rate peaking at 26.5 ± 1.6 7C, while the ventilation rate
peaked at 27.4 ± 0.8 7C. In a subset of these trials (n 5 5), oxygen consumption was also monitored and peaked at similar
temperatures. In a second experiment, both the heart rate and activity of five lobsters were monitored with custom-built
dataloggers while they moved freely in a large tank, while the temperature was increased from 18 to 29 7C over 24 h. The
heart rate of these lobsters also increased with temperature, but their initial heart rates were lower than we recorded from
confined lobsters. Finally, we confirmed that the low heart rates of the freely moving lobsters were due to the methods
used by comparing heart rate data from eight lobsters collected using both methods with each individual animal. Thus,
while our overall results are consistent with data from previous studies, they also show that the methods used in studies
of physiological and behavioral responses to warming temperatures can impact the results obtained.
Introduction
Marine ecosystems are undergoing significant alterations as
a result of climate change, including unprecedented long-
term increases in water temperatures and shorter-termma-
rine heat waves (Pinsky et al., 2019, 2020; Szuwalski, et al.,
2023; Friedland et al., 2024). Over the past few decades, the
Gulf of Maine (GOM) has warmed faster than 99% of the
world’s oceans, and this trend is projected to continue
(Mills et al., 2013; Kleisner et al., 2017; Behan et al., 2022;
Lotze et al., 2022). Consequences of this rapid warming in-
clude fisheries declines (Pershing et al., 2015, 2021), shifting
stock distributions (Nye et al., 2010; Boudreau et al., 2015;
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Mazur et al., 2020; Friedland et al., 2021, 2023, 2024), phe-
nological alterations to ecological communities (Mills et al.,
2013; Staudinger et al., 2019), changes to trophic dynamics
and food webs (Morse et al., 2017; Dijkstra et al., 2019;
Friedland et al., 2020), impaired recruitment (Carloni
et al., 2018), and altered water chemistry (Klymasz-Swartz
et al., 2019). The American lobster, Homarus americanus,
is the target of the most valuable single-species fishery in
North America (NMFS, 2019; ASMFC, 2020), and thus
climate-induced changes in the GOM could have severe
economic and social consequences. One of our major goals
is to better understand the effects of warming temperatures
30 May 2024.
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on the American lobster and, in doing so, help modelers,
managers, and fishers predict how this fishery may be im-
pacted by climate change (LeBris et al., 2018; Goode et al.,
2019; Tanaka et al., 2020).

American lobsters can sense very small changes in wa-
ter temperature (Jury andWatson, 2000), and they use this
ability to help them behaviorally thermoregulate (Reynolds
and Casterlin, 1979; Crossin et al., 1998; Jury and Watson,
2013; Nielsen andMcGaw, 2016). When placed in thermal
gradient tanks in the laboratory, adult lobsters have been
shown to prefer areas that are at temperatures of 14–
16 7C, and they generally avoid water that is >20–23 7C
(McLeese and Wilder, 1958; Crossin et al., 1998). Based
on acoustic telemetry and tag recapture studies, their re-
sponses to thermal gradients appear to have a strong influ-
ence on their seasonal movements and habitat choices
(Lawton and Lavalli, 1995; Watson et al., 1999; Jury and
Watson, 2013; Goldstein and Watson, 2015b). Lobsters
have been shown to move inshore toward warmer water
in the spring and then offshore in the fall, as inshore waters
cool more rapidly than deeper, offshore areas. Further-
more, in some areas, when the water gets “too warm” in
the summer, such as in shallow inshore bays in southern
New England (ASMFC, 2015, 2020) or in the upper reaches
of estuaries, they have been reported to move from these
warmer waters to deeper, cooler water (Lawton and Lavalli,
1995; Howell et al., 1999; Watson et al., 1999; Glenn et al.,
2011; Casey et al., 2023). Adult female lobsters prefer cooler
water than their male counterparts, and their differential
movements in natural thermal gradients can lead to
skewed sex ratios in some areas (Jury and Watson, 2013;
Jury et al., 2019). For example, in warmer areas like Buz-
zards Bay, Massachusetts, and the Great Bay estuary,
New Hampshire, sex ratios are skewed toward males
000
(Munro and Therriault, 1983; Howell et al., 1999; Glenn
et al., 2011; Jury et al., 2019; Casey et al., 2023), while fe-
males are more abundant than males in adjacent cooler,
deeper habitats (Goldstein and Watson, 2015a, b; Carloni
and Watson, 2018; Jury et al., 2019; Pugh et al., 2023).

While lobsters are clearly capable of behavioral ther-
moregulation, the underlying neurobiological and phy-
siological mechanisms responsible for their responses to
different water temperatures are poorly understood. One
possibility is that they might avoid warm water when
it reaches an upper critical threshold temperature, at
which point their metabolic rate approaches a maximum
(Frederich and Lancaster, 2024), and they can no longer
maintain aerobic respiration (Pörtner et al., 2017; Pauly
et al., 2022). It is possible that some of the biochemical
changes associated with this state might be what triggers
lobster avoidance responses. If this hypothesis is correct,
then their upper critical threshold temperature should
match the temperature at which they begin to avoid warm
water.

Several previous studies have involvedmonitoring lobster
heart rates (HRs) while increasing the water temperature
over various lengths of time and rates of change (Table 1).
As expected for an ectotherm, in all cases,HRs increased con-
comitantly with increases in water temperatures (Camacho
et al., 2006; Worden et al., 2006; Qadri et al., 2007; Lyons
et al., 2013). However, HR is not the only factor controlling
cardiac output, oxygen delivery to the tissues, andmetabolic
rate, and thus it can be considered only a proxy for met-
abolic rate, particularly at higher temperatures near their
critical threshold temperatures. For example, Worden et al.
(2006) demonstrated that when lobsters were acclimated
to 5 7C, cardiac stroke volume decreased with increasing
temperatures and, as a result, cardiac output peaked around
Table 1

Summary of the experimental conditions during this study and previous studies concerning the impact of increasing temperature on lobster heart rates

Study Size (mm CL) Acclimation (7C)
Temperature range
tested (ramp; 7C)

Time (min) in chamber
before ramp

Rate of change
(7C min21)

Harrington and Hamlin, 2019 50–65a 12.3 12–28 25 0.17
Harrington et al., 2020a 50–60a 16 16–30 15 0.20
Qadri et al., 2007 Unknown 4–5 (cold), 20–21 (warm) 2–30 Unknown 0.75
Worden et al., 2006 Unknown 5 2–22 30 0.9
Mercaldo-Allen and
Thurberg, 1987

61.4–91.2 Each 7C for >2 wk over 1 yr 2–18 Seasonal Seasonal

Camacho et al., 2006 Unknown 4–5 (cold), 20–22 (warm) 2–36 30 0.75
Jost et al., 2012 89 ± 0.2 12 14–34 720 0.1
Current study
Confined 79.1 ± 5.8a 16 16–30 720 0.1 (during step change)
Freely moving 88.8 ± 4.9a 17–18 18–29 1440 0.01
Data were obtained from literature sources and compared to the data from the current study that involved both confined and freely moving lobsters. All
heart rates were recorded from intact juvenile or adult lobsters, using chronically implanted electrodes with impedance pneumography, except for the
study by Jost et al. (2012) and the freely moving lobsters in the current study, which both used infrared sensors and photoplethysmography. CL, carapace
length.
a Female only.
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10 7C, even thoughHR peaked at 18 7C. Furthermore, when
considering the impact of warmer seawater on oxygen up-
take and circulation, one must also consider that warmer
water holds less oxygen, hemocyanin’s affinity for oxygen
decreases with increasing water temperatures, and oxygen
uptake is dependent on the rate at which the scaphog-
nathites (gill bailers) oscillate (Decker et al., 2007; Pörtner
et al., 2017; Pauly et al., 2022). Therefore, it is not surprising
that it becomes more challenging for lobsters to meet the
demands of their higher metabolism when water tempera-
tures approach an upper thermal limit (Stillman, 2019;
Frederich and Lancaster, 2024). While lobsters might ini-
tially try to avoid warm water, if avoidance is not possible,
they could face impaired physiological processes up to the
point of mortality, depending on the duration of exposure
and prior acclimation, as demonstrated byMcLeese (1956).

While laboratory techniques are preferred, and often
required, to measure metabolic rates in crustaceans, the
choice of experimental method and design is crucially im-
portant in interpreting the results (McGaw and Nancollas,
2018). For example, when lobsters are confined within a
small chamber, it is possible to simultaneously record
HR, ventilation rate (VR), and oxygen consumption (OC)
over a range of temperatures. However, the data obtained
may not fully represent what occurs in their natural habi-
tat, where they are free to move about. Furthermore, the
acclimation temperatures and rate of temperature change
may have a significant influence on the ultimate results
(Table 1). Previous studies aimed at determining how
various conditions impact the metabolism of crustaceans
demonstrated that their HRs can be influenced by a range
of experimental conditions including lighting, vibrations,
acclimation times and temperatures, and type of record-
ing and holding apparatus utilized (McGaw andNancollas,
2018, 2021; Powell et al., 2023). For example, McGaw and
Nancollas (2018) showed that green crabs (Carcinus mae-
nas) that were confined had higher and more consistent
HRs when exposed to changes in temperature than uncon-
fined crabs (McGaw and Nancollas, 2018, 2021). Further-
more, unconfined crabs had lower initial HRs, and the rate
of increase was higher when tested over a range of 15–39 7C.
Freely moving H. americanus have also been shown to
respond to hypoxia differently from confined lobsters (Mc-
Mahon and Wilkens 1975; McGaw and Nancollas, 2018).
Therefore, in this study, we utilized a microcomputer-
based datalogger backpack (Gutzler and Watson, 2022)
to measure the HRs of freely moving, unconfined lobsters
so we could compare their responses to lobsters that were
confined in an experimental chamber.

The overall goal of this study was to assess the impacts
of increasing water temperatures on lobster metabolism by
using multiple methods. To achieve this goal, we moni-
tored lobster HRs, VRs (the frequency of gill bailer move-
ments that serve to circulate water through their branchial
chambers), and, in a subset of lobsters, their rates of OC,
000
while slowly raising the water temperature to levels that
they might encounter if the GOM continues to warm as
expected or if lobsters experienced a marine heat wave.
In a complementary experiment, we recorded the HR and
locomotory activity of lobsters freely moving in a large
tank while exposing them to a similar increase in tempera-
ture but at a slower rate. Finally, we conducted a third ex-
periment in which we recorded the HRs of the same lobsters
under both experimental conditions to ascertain the effects
of measurement methods on lobster cardiac responses.
Data from this final study helped us determine how the
methods used can impact the physiological data obtained,
which facilitated comparison of our results to similar pub-
lished studies that used a variety of methods to determine
how temperature influences lobster metabolism.
Materials and Methods

Animals
Adult female intermolt lobsters (Homarus americanus
H. Milne Edwards, 1837) were captured along the New
Hampshire seacoast from July to September in 2022 by
New Hampshire Fish and Game personnel during their
routine ventless trap surveys. After capture, all lobsters
were held in communal tanks supplied with flow-through
natural seawater at the University of New Hampshire
Coastal Marine Laboratory in New Castle. The average wa-
ter temperature was 16.4 ± 2.3 7C (mean ± SD; range: 11.0–
20.6), and the salinity was 31.1 ± 0.3 psu (range: 30.0–31.6).
Trials on a separate group of five lobsters were carried out
at Southern Maine Community College’s (SMCC) Marine
Science Center in Portland in parallel with the studies at
the University of New Hampshire Jackson Estuarine Lab-
oratory (JEL), as described below. Lobsters were transported
to both laboratories and acclimated in recirculating nat-
ural seawater aquaria at 16 7C for at least 1 week prior to
being used for experiments. During this week, lobsters
were not fed to avoid the potential influence of nutritional
reserves on their response to temperature (Hardison et al.,
2021). Data were also recorded from eight additional lob-
sters (85.6 ± 4.5 mm carapace length [CL]) at each location
to determine whether the method used to measure HR had
an impact on the results obtained.
Experiment I: confined lobster trials—
measurements of heart rate, ventilation rate,
and oxygen consumption
The experimental chamber used to hold individual lobsters
during each trial consisted of a 2.5-L plastic container with
a mesh window on the top that could be closed with a cap.
This container was placed horizontally in a larger 47-L in-
sulated holding tank so water flowing into the holding tank
could also enter the open end of the recording chamber
and out the hole in the top.Water was recirculated through
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the holding tank from a larger reservoir containing
temperature-controlled, aerated, and filtered natural seawater
(30–32 psu). A chiller (or submersible heaters with digital
controllers) was used to maintain the temperature in the
reservoir between 16 and 30 7C during each trial. A stain-
less steel temperature probe and an optical dissolved oxy-
gen probe (Vernier, Beaverton, OR) were inserted into the
recording chamber to continuously monitor temperature
and oxygen levels throughout each trial. These were con-
nected to aVernier LabQuest interface, the output of which
was recorded using Vernier Logger Pro software. In a sub-
set of these trials, the openings in the front of the chamber
and the top were closed during periods of time when OC
was being measured, and because the chamber was housed
inside a larger chamber, the temperature remained con-
stant during these ∼30-min periods. Further details regard-
ing the OC trials are presented below. Heart and scaphog-
nathite (i.e., the gill bailer that circulates water over the
gills) movements were detected and amplified with a UFI
impedance converter (model 2991; Morro Bay, CA) (Jury
et al., 2000;Dufort et al., 2001;Weineck et al., 2018;Harrington
et al., 2020b) and recorded using a PowerLab analog-digital
convertor and LabChart version 8.1.24 (ADInstruments, Col-
orado Springs, CO). The impedance electrodes were made of
∼45-cm-long pieces of vinyl-coated steel electrical wire that
had ∼0.3 mm of the insulation removed from the tip. For
heart recordings, two small holes (the same diameter as the
coatedwire) weremade on either side of the heart with a sharp
dental tool of the same size. Wires were then inserted into the
holes∼0.5mmso the uninsulatedwirewas inside the shell and
the insulation around the wire plugged the hole, preventing
hemolymph loss. Both wires were then secured to the lob-
ster’s carapace by using cyanoacrylate glue and a piece of duct
tape. The same procedure was used for the scaphognathite
electrodes, which were placed on the lateroventral portion
of the shell covering one of the branchial chambers.

Lobsters (n 5 10; 79.5 ± 5.8 mm CL) were prepared as
described above for recording HR and VR on day 1 and
then placed in the recording chamber and allowed to accli-
mate overnight at 16 7C prior to exposing them to gradu-
ally increasing water temperatures on day 2. On day 2, after
collecting data at 16 7C for 1 h, the water temperature was
increased in 2 7C increments from 16 to 30 7C from about
9:00 a.m. to 4:00 p.m. (∼7 h). Typically, it took 20 min to
increase the temperature by 2 7C (0.1 7C min21 rate of
change during step change; 2 7C h21 overall rate of
change), then lobsters were held at the new temperature
for another 30–40 min (Fig. 1). During the OC experi-
ments, after a lobster was at a given temperature for 20 min,
the two openings in the respirometer chamber were closed
and the decrease in oxygen in the chamber was recorded
for 20–30 min prior to opening it and moving up to the
next temperature (Fig. 1B). Sometimes at the higher tem-
peratures if the HRs or VRs became very erratic, the cham-
ber was opened after a shorter period of time.
000
HR and VR values for subsequent analyses were calcu-
lated from the data obtained during the last 10 min that a
lobster was at a given temperature. From these 10-min
time periods, we selected as many sections of data as pos-
sible, at each temperature, that were at least 3 min long
and during which both rates were relatively constant and
there were no respiratory pauses or movement artifacts.
The HRs and VRs during these segments were calculated
using LabChart. To determine the upper critical threshold
temperatures, piecewise regressions on individual HRs and
VRs were plotted to determine Arrhenius break tempera-
tures (ABTs), as described in Stenseng et al. (2005), Cama-
cho et al. (2006), and Harrington et al. (2020a). The ABT is
the temperature when there is a clear decrease in HR or
VR when a certain critical temperature is reached. It is
determined as the intercept of linear regressions fitted to
the slopes of the increase and decrease of HR or VR. Only
eight of the 10 lobsters in experiment 1 showed a break
temperature for HR andVR. The ABTs were not calculated
Figure 1. Representative data from two individual confined lobsters ex-
posed to increasing water temperature. (A) Changes in a lobster’s heart
rate (HR) and ventilation rate (VR) in response to gradually increasing
the water temperature from 16 to 24 7C, over 3 h. Water temperature
was increased in 2 7C steps, then held at a given temperature for about
20 min until the HR and VR stabilized, before increasing the temperature
by another 2 7C. This procedure continued from 16 to 30 7C. (B) Changes
in the oxygen concentration in the respiration chamber over 6 h as the
water temperature was increased in 2 7C steps, from 16 to 30 7C. During
each temperature step the respirometry chamber was closed, and as the
lobster consumed oxygen, the oxygen levels dropped. Note how the am-
bient oxygen levels also decreased as the temperature increased.
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for freely moving lobster HRs (see experiment II, below)
because only two of these five lobsters showed a clear break
over the range of temperatures tested.

The OC rates at each temperature were measured based
on the slope of a regression line fitted to the last 10 min of
oxygen data. Mass-specific metabolic rate (MR) was calcu-
lated as follows: MR5 OC (mg L21 h21) � volume (L) �
1 mL 1 mg21 � 1/mass (g). We also conducted linear re-
gressions to test the correlations between HR, VR, and OC
across the temperatures tested. The Q10, which is the factor
by which a given rate changes when the temperature is in-
creased by 10 7C, was calculated using the following for-
mula: Q10 5 (R2/R1)

(10/T22T1), where R1 is the rate at T1

and R2 is the rate at T2.

Experiment II—freely moving lobsters:
measurements of heart rate and locomotor activity
CrustaceanHeart andActivityTrackers (C-HATs) are custom-
made dataloggers that allow for the continuous mon-
itoring of the HR andmovements of freely moving lobsters
(see details in Gutzler and Watson, 2022). Briefly, this sys-
tem contains an accelerometer and an infrared heart rate
sensor connected to an Arduino microcontroller that re-
cords data at 5 Hz. The system is housed in a watertight en-
closure (75mm� 65mm� 40mm, 180 g) that is neutrally
buoyant and can be affixed to the dorsal carapace of a lob-
ster over the heart, allowing for monitoring of HR via
photoplethysmography. In these experiments a C-HAT
was attached to a lobster (n 5 5; 88.8 ± 4.9 mm CL), and
then the lobster was placed into a trough filled with seawa-
ter (3 m � 0.6 m � 25 cm) that was located inside a larger
temperature-controlled bath (3.1 m � 1.2 m � 25 cm)
made of 1.9 cm AZEK PVC (AZEK Exteriors, Chicago, IL).
Temperatures were maintained in the inner trough over
each 48-h trial by heating or chilling the outer bath by
using two Hydrofarm AACH25 recirculating chillers
(Shoemakersville, PA) and four 100-W immersion heaters
attached to a temperature controller (Aqua Logic NEMA
4X, Monroe, NC). The tank was covered with 25 mm of
foam insulation to help maintain the temperature, but am-
bient light was allowed to enter on the edges to provide sea-
sonal light/dark cues. Lobsters were allowed to acclimate
overnight for 12–14 h, and then the next morning heaters
were turned on (and chillers turned off ) to cause the tem-
perature to slowly increase to 29 7C, over about 24 h (target
rate of change: 0.01 7Cmin21, 0.6 7C h21). There was some
variability in starting and ending temperatures between tri-
als due to daily fluctuations in room temperature that in-
fluenced the rate of heating or chilling of the tank.

For each trial, HR, temperature, and relative activity
were averaged every 30 min in LabChart. Relative activity
was assessed via accelerometry to produce a movement in-
dex (MI), as described in Gutzler and Watson (2022).
Briefly, the MI is constructed by differentiating each of
the three axes of acceleration, squaring the differentiated
000
values, summing these values, and taking the square root
of the sum. The MI represents overall movement activity
rather than locomotion in a particular direction. Lobsters
were considered active when the meanMI was greater than
0.4 for a given 30-min period. This 0.4 value was based on
comparing time-lapse videos of lobsters moving around in
a tank with the MI calculations obtained during the same
time. When lobsters were not moving, the MI was always
<0.4.

We compared HRs at 18 and 26 7C (chosen as consis-
tent endpoints for eachmethod) between these freely mov-
ing lobsters and confined lobsters (experiment I, above),
using a two-factor ANOVA in R version 4.2.1 (R Core
Team, 2022) and R Studio version 2023.06.0 1 421 (Posit
Software, Boston, MA). Test assumptions were verified via
inspection of residuals.

Experiment III—comparisons of heart rate
recording methods
Based on preliminary data from both confined and freely
moving lobsters, it appeared that confined lobsters had
higher resting HRs than freely moving lobsters and re-
quired longer to settle down after they were placed in their
recording chamber. To determine whether this difference
was due to the methods used, or from differences in the
lobsters used in each experiment, we recorded HRs from
the same eight female lobsters (not used in any prior tests),
using both methods. Data were initially obtained from half
of the lobsters at JEL, and then they were transported to
SMCC for a subsequent trial. The other half of the lobsters
were initially tested at SMCC and then tested again at JEL.
We recorded the HRs of the same eight lobsters, at each
location, for 48 h at 16 7C, using both methods. We aver-
aged 1 h of data from the first day (day 1) after the lobsters
had been in their apparatus for 2 h, and we also averaged
another 1 h of data obtained 24 h later, near the beginning
of the second day (day 2). The HRs were then compared
between days, and method and location, using a two-factor
ANOVA with time (day 1 vs. day 2) and measurement
conditions (confined vs. freely moving) as the factors, with
test assumptions checked by inspection of residuals.

Results

Confined lobsters: heart, ventilation, and oxygen
consumption rates
As the temperature in the recording chamber was raised
incrementally, lobster HRs and VRs typically increased
and then leveled off before the next 2 7C increase in tem-
perature (Fig. 1). The average initial HR at 16 7C before be-
ginning the temperature ramp on day 2 was 77.5 ±
14.6 bpm (range: 58–107 bpm), while the baseline VR
was 117.8 ± 34.4 bpm (range: 58–165) (Fig. 2). The HRs
and VRs both increased with rising water temperatures
(Figs. 1A, 2), and there was a strong correlation between
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mean HR and mean VR between 16 and 26 7C (linear re-
gression, F1, 4 5 460.7, P < 0.001, R2 5 0.991). While both
HR and VR increased as the seawater was warmed in the
experimental chamber, eventually they reached a maxi-
mum rate that varied somewhat between individuals, and
then they either declined or leveled off (Fig. 2). Based on
an ABT analysis, the warm critical temperature threshold
for HR was 26.5 ± 1.6 7C (n 5 8), while the warm critical
temperature threshold for VR was 27.4 ± 0.8 7C (n 5 8).
Between 16 and 26 7C the Q10 for HR was 1.5, and for
VR it was 1.7. The mean (±SD) maximum HR was 121.6 ±
21.5 bpm, while for VR it was 212.3 ± 12.7 bpm. These val-
ues correspond to a 55% increase in the HR from the initial
baseline value at 16 7C and an 81% increase in VR. It
should also be noted that at the warmest temperatures
(28–30 7C), heart and ventilation rhythms often became
somewhat erratic, with frequent HR and VR pauses, as has
been seen in other crustacean studies (Powell et al., 2023).

The rate of OC, as well as HR and VR, was recorded
from a subset of five lobsters over the full temperature
range (16–30 7C). As expected, OC also increased as the
000
lobsters were exposed to warmer water (Fig. 2B). Over
the 16 to 26 7C range, there were good correlations be-
tween mean VRs and OC rates (linear regression, F1, 4 5
100.3, P < 0.001, R2 5 0.962) and mean HRs and OC rates
(linear regression, F1, 4 5 51.96, P 5 0.002, R2 5 0.929).

Freely moving lobsters: heart rates and activity
Freely moving lobsters had consistently lower HRs than
confined lobsters, but their HRs also increased with tem-
perature, at a similar rate, up to ∼29 7C (Figs. 3, 4). When
temperature endpoints were compared between the two
methods, there was a significant difference in lobster
HRs both between 18 and 26 7C and between freely mov-
ing and confined lobsters (two-factor ANOVA, Table 2).
Furthermore, there was no significant interactive effect be-
tween method and temperature on HR (Table 2), suggest-
ing that the HR responded similarly to temperature with
both methods and the slope of the change was unaffected
by measurement methodology. The average HR for con-
fined lobsters at 18 7C was 86.1 ± 16.0 bpm (n5 10), while
for freely moving lobsters it was only 38.2 ± 5.4 bpm (n5
5). When the temperature was increased to 26 7C, the HR
of confined lobsters increased by 38.7% to 117.4 bpm,
while the HR of freely moving lobsters increased by
73.9% to 67.5 bpm. The HR Q10 of freely moving lobsters
between 18 and 28 7Cwas 1.7, while for confined lobsters it
was 1.4. However, while the HRs of confined lobsters
plateaued, or reached a break point, at temperatures of
26–27 7C, this did not happen with most of the freely mov-
ing lobsters. The HRs of four of five of the freely moving
lobsters continued to increase right up to the final temper-
ature of 29 7C (Fig. 4). Given that the lobsters used were of
the same size and sex, obtained from the same source, and
acclimated to the same temperatures, our conclusion is
that this difference is due to their low initial HRs and per-
haps the slower rate of temperature increase.

The freely moving lobsters showed variable levels of ac-
tivity, within and between individuals, before we started to
increase the temperature in the tank. Some lobsters ex-
pressedmore bouts of activity shortly after the temperature
increased (Fig. 4). However, once the temperature reached
>25 7C, they tended to become less active. This might have
occurred because these test lobsters were near their upper
thermal limit.

Comparison of heart rates of confined versus
freely moving lobsters
A two-factor ANOVA found significant effects of both
time (day 1 vs. day 2) andmethod (confined vs. freely mov-
ing) but, like the previous analysis testing the effects of tem-
perature and method on HRs, found no interactive effect
between factors (Table 3; Fig. 5). Freely moving lobsters
had significantly lower HRs than did confined lobsters
on both day 1 and day 2, and HRs were significantly lower
on the second day than the first day. These data indicate
Figure 2. Relationship between water temperature and lobster heart and
ventilation rates. (A) Average (±SEM) heart and ventilation rates for
10 female lobsters exposed to water temperatures between 16 and 30 7C.
These lobsters were acclimated at 16 7C for at least a week in communal
tanks and then confined at 16 7C in the experimental chamber overnight
before commencing the temperature ramp. Note how the heart rate (HR)
and ventilation rate (VR) both reach a maximum at 28 7C, consistent with
prior studies. (B) Heart, ventilation, and oxygen consumption rates (mean ±
SEM) for a subset (n 5 5) of the lobsters depicted in (A).
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that (1) it is important to allow lobsters sufficient time to
recover from being handled before initiating a trial of this
type and (2) data obtained from freely moving lobsters
might yield results that are more indicative of lobsters that
are in the wild because they are closer to a natural state
than confined lobsters.
000
Discussion

The impact of temperature on lobster metabolism
Given the areas that American lobsters typically inhabit,
previous studies of lobster metabolism have historically
focused on temperatures <20 7C. Furthermore, in 2005
Figure 3. Heart rate (HR) and activity (movement index [MI]) for one freely moving female lobster before, and during, a gradual increase in water tem-
perature (i.e., ramp) from 17 to 29 7C. Values are 30-min means. The x-axis reflects hours since the heaters were turned on to begin the temperature ramp
(indicated by the dashed vertical line). The HR andMI were recorded with a custom datalogger, which allowed the lobster tomove freely in a 3� 0.6� 0.25-
m-deep rectangular tank. Overall, the HRs in freely moving lobsters were lower than in the confined lobsters, as well as those reported in the literature.
Figure 4. Relationship between temperature, heart rate (HR), and relative activity (movement index [MI]) (mean ± SEM) for five freely moving lobsters.
The water temperature was gradually increased from 17 to 29 7C over 24 h, leading to cardiac responses that were similar to those observed in confined
lobsters. However, the HR of freely moving lobsters did not show a break point at the higher temperatures, like the confined lobsters. Relative activity was
variable between individuals but generally increased when the temperature ramp commenced, then decreased when the water temperature reached 26–27 7C.
Note that the increased activity seen at 17 7C is largely reflective of one lobster moving throughout the tank before the heaters were activated.
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Dove et al. published a study showing that temperatures
>20 7C were thermally stressful. They held lobsters at ei-
ther 16 or 23 7C for 31 days and monitored their blood
chemistry for indicators of physiological stress. Based on
their results, and those of two similar previous studies (Pat-
erson and Stewart, 1974; Steenbergen et al., 1978), it was
concluded that temperatures >20 7C were stressful because
they reduced a lobster’s ability to fight off pathogens. How-
ever, due to the impacts of climate change on water tem-
peratures in the GOM, temperatures are trending higher
(e.g., Stillman, 2019; Tanaka et al., 2020; Pershing et al.,
2021), and scientists are actively running models to predict
changes in the distribution of lobsters based on their toler-
ance for these higher temperatures (Mills et al., 2013;
Kleisner et al., 2017; LeBris et al., 2018; Mazur et al.,
2020; Tanaka et al., 2020; Pershing et al., 2021; Behan
et al., 2022; Lotze et al., 2022). Therefore, a primary goal of
the current study was to extend the temperature range of
the previous studies up to, and beyond, the temperatures
that lobsters have been shown to avoid (>23 7C; Crossin
et al., 1998). We also used slower rates of change than
many of the previous studies, so that lobster HRs and
VRs could reach an equilibrium at each temperature before
it was raised further (see Fig. 6; Table 1). Overall, our find-
ings demonstrate that in lobsters both confined in a small
experimental chamber and freely moving, HR (as well as
VR and OC) increased as the temperature went up and
generally peaked at temperatures >26 7C.

Previous studies of crustacean metabolism generally
support the hypothesis that temperature-dependent per-
formance curves are shaped, at least in part, by their capac-
000
ity for delivering oxygen to tissues in need, relative to their
oxygen demand (Lagerspetz and Vaino, 2006; Twiname
et al., 2020; see review by Verberk et al., 2016). For example,
when Camacho et al. (2006) increased the water tempera-
ture from 2 to 36 7C over ∼60 min using Homarus ameri-
canus acclimated to 20 7C, their HRs increased linearly and
peaked at 25 7C, when the HR was ∼90 bpm (Fig. 6). Qadri
et al. (2007) and Camacho et al. (2006) also demonstrated
that American lobsters acclimated to 20 7C reached their
maximum HRs at warmer temperatures than those accli-
mated to 2 or 4 7C (Fig. 1). Lobster HRs have been shown
to be closely correlated with their VRs (Wilkens et al., 1974;
O’Grady et al., 2001; Chabot and Webb, 2008; Fig. 2), and
thus, as expected, temperature has been shown to have a
similar impact on the rhythmic movements of lobster
scaphognathites (Qadri et al., 2007). Furthermore, in this
study, we demonstrated that there is a very good correla-
tion between HRs and OC, as well as between VRs and
OC. Therefore, as water temperature is increased, a lob-
ster’s metabolic rate increases, leading to the activation
of the appropriate physiological processes to increase the
delivery of oxygen to the tissues. However, it is likely that,
for a variety of reasons that are context dependent, such as
acclimation history, nutritional reserves, neurohormonal
status, and so on, for any given lobster there is a maximum
rate at which their heart and scaphognathites can beat, and
when this is reached, they can no longer keep up with the
oxygen demands associated with being exposed to warm
water (see review by Frederich and Lancaster, 2024).While
we did not hold our lobsters long enough for them to die at
the warmest temperatures to which we exposed them, in
1956 McLeese showed that, depending on their acclima-
tion history, a temperature of ∼28 7C is the upper thermal
lethal limit for American lobsters. The similarity between
this value and the temperatures when HRs and VRs reached
a maximum in this study, and previous studies, suggests
that death at temperatures ≥28 7C may be linked to an in-
ability to maintain aerobic metabolism.

The rate of change of water temperature is also an im-
portant variable in laboratory studies, and by necessity it is
typically faster than lobsters would experience under nat-
ural conditions in most of their habitats. In our studies,
for the confined lobster trials, we gradually increased the
temperature in 2 7C steps from 16 to 30 7C over ∼7 h.
We also gave them time to adjust to each temperature
change before obtaining physiological data for each tem-
perature step. This was important because when we initi-
ated a temperature increase, lobsters responded with a
brief period of tachycardia (increasedHR, Fig. 1). In the ex-
periments with freely moving lobsters, we covered approx-
imately this same temperature range over 24 h. Both of
these experimental designs led to rates of temperature in-
crease that were generally slower than in previous studies
(Fig. 6; Table 1). In our experiments with confined lobsters,
and in previously published studies, HRs tended to peak
Table 2

Results of ANOVA comparing the effects of temperatures and
measurement conditions on lobster heart rates

df MS F P

Temperature 1 4400.3 11.375 0.002
Measurement condition 1 17,116.4 44.246 <0.001
Temperature � measurement condition 1 101.2 0.262 0.614
Error 25 386.9
Both temperature (18 vs. 26 7C) and condition (confined vs. freely mov-
ing) significantly impacted heart rates, but there was no interactive effect
present.
Table 3

Results of ANOVA comparing the effects of time since experiment start
and measurement method on lobster heart rates

df MS F P

Time 1 2158.0 12.138 0.001
Measurement method 1 1653.8 9.302 0.004
Temperature � measurement condition 1 224.7 1.264 0.268
Error 36 177.8
Both time (day 1 vs. day 2) and method (confined vs. freely moving) sig-
nificantly impacted heart rates, but there was no interactive effect present.
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before the maximum temperatures were obtained (Fig. 6),
suggesting that a critical temperature threshold had been
reached. However, when lobsters were not confined and
the water was warmed at a much slower rate, the HR of
four of five of the lobsters never plateaued. This is likely be-
cause the freely moving lobsters had much lower HRs
when the experiment commenced, and thus, even though
their HR increased as the water warmed at the same rate
as the confined lobsters, by the time they reached 26 7C,
their HR was only 61.0 ± 14.4 bpm, while the HR for the
confined lobsters at this temperature was 122.8 ± 33.6 bpm
(Fig. 6).

The impact of temperature on the HR of intact lobsters
is also more complex than with assays on isolated hearts.
For example, Worden et al. (2006) found that while the
HR of intact lobsters peaked at 111 bpm at 22 7C, isolated
hearts reached a maximum of 99 bpm at 20 7C. Therefore,
the HR of an intact lobster is not simply a response of the
heart to temperature; it is also responding to the release of
hormones or neuromodulators that serve to both increase
the HR and influence the stroke volume (Worden et al.,
2006; Powell et al., 2023). Worden et al. (2006) also noted
that isolated hearts, like the hearts of intact lobsters, would
often start to beat erratically at the warmest temperatures,
indicating that lobster hearts probably have maximal sus-
tainable HRs that are somewhat temperature dependent.
In our experiments with confined lobsters, we also noticed
that the HRs and VRs of many of the lobsters became er-
ratic at the higher temperatures. For a given lobster, based
on its size, sex, nutritional state, and so on, there might be a
theoretical maximumHR. Thus, if lobsters started at a lower
000
baseline value, their respective HRs (and VRs) may in-
crease as their metabolism increases more than if they
started with a higher baseline, because they are influenced
from handling, confinement, duration of acclimation, and
so on, as we found in the current study. These results
should be considered when interpreting metabolism data
obtained using different methods (Fig. 6).

Comparison of methods used to measure
lobster heart rates
A direct comparison of the confined versus freely moving
approaches to measuring HR provided several insights.
First, the HR of confined lobsters was significantly lower
after being given sufficient time (e.g., overnight) to recover
from being handled and time to adjust to the recording
chamber (Table 3; Fig. 5). Based on these data and similar
previous studies (see Fig. 6; Table 1; McMahon, 1999;
McGaw and Nancollas, 2018), sufficient time should be
provided for them to recover from being restrained or
handled before commencing studies to determine the im-
pact of changing environmental conditions on their be-
havior and/or physiology. We noticed this during our pre-
liminary studies, so all the confined lobster data presented
in this paper were obtained from lobsters that were al-
lowed to acclimate overnight prior to exposure to the tem-
perature ramp. Second, freely moving lobsters fitted with
C-HATs had consistently lower basal HRs than the con-
fined lobsters, as well as HRs recorded from lobsters in
their natural habitat (∼60 bpm at ∼14 7C; Gutzler and
Watson, 2022). This difference between the HRs of the
freely moving lobsters in our study compared with those
in the field might be due to the fact that lobsters in their
natural habitat are often searching for prey and avoiding
predators, while the lobsters in our study were isolated
in a large, relatively dark tank.

Lobster behavioral thermoregulation
While the HR responses of freely moving lobsters in our
experiments are probably indicative of how temperature
increases might impact the metabolism of lobsters in their
natural habitat, lobsters in the field also would have the
option to move to avoid high temperatures. Thus, it is likely
that mobile adult American lobsters would never experi-
ence the temperatures we exposed them to, because they
would sense the increasingly unfavorable environmental
conditions and move toward areas with temperatures closer
to their preferred range. However, it might not always be
possible to move far, or fast, enough to avoid large increases
in water temperature, and this might lead to potential die-
offs or mortality events, as occurred in the Long Island
Sound in 1999 (Pearce and Balcom, 2005).

In the current study, freely moving lobsters generally
increased their activity when first exposed to increasing
water temperatures, but then at higher temperatures they
became less active (Fig. 4). This was not expected, in part,
Figure 5. Boxplot comparing heart rates (HRs) of the same lobsters (n5 8
at 16 7C, using two different recording methods (confined vs. freely mov
ing). The horizontal line within each box indicates the median; whisker
are the extent of data within 1.5� the interquartile range, and dots are out
liers. Confined lobsters were held in a recording chamber, and their HR
were measured using implanted electrodes, while freely moving lobster
were fitted with a custom datalogger that used infrared sensors to obtain
HR data while they could move freely in a tank. There were significant dif
ferences in HRs between methods and days but no interactive effect.
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because lobsters are nocturnal (Jury et al., 2005; Golet
et al., 2006) and their HR generally increases at night
(Chabot and Webb, 2008) and the freely moving lobsters
experienced some of the warmest temperatures at night.
This result could be because their metabolism was already
elevated due to the warmer temperatures and so the met-
abolic cost of increased locomotion limited their activity.
In a previous study, we observed a similar pattern when
we exposed lobsters to a slow decrease in salinity while
monitoring their activity and HRs (O’Grady, 2001). Ini-
tially, as we lowered the salinity, they became hyperactive,
as if they were trying to avoid the low-salinity conditions
(note that they were restrained on a treadmill in this ex-
periment). However, when the salinity dropped close to le-
thal levels (10–12 psu), these lobsters stopped moving,
presumably because they did not have sufficient energetic
reserves to both move and osmoregulate (Jury et al., 1994).

One of the goals of this study was to determine whether
the upper critical thermal threshold of lobsters was associ-
ated with the temperatures they have been reported to avoid.
Previously, we demonstrated that lobsters acclimated to
summer water temperatures of 15–16 7C avoided water
warmer than 23.5 7C (Crossin et al., 1998). Based on the re-
sults from this study, and findings from other comparable
published studies (Fig. 6; Table 1), depending upon experi-
mental conditions, a water temperature of 26–27 7C is likely
the upper critical temperature threshold for lobsters accli-
000
mated to 15–16 7C. Therefore, while certain areasmight warm
too fast for lobsters to avoid potentially lethal conditions,
such as in estuaries or during marine heat waves (Monteiro
et al., 2023; Smith et al., 2023), themore likely scenario is that
warming oceans will lead to a change in the distribution of
lobsters in places such as the GOM. It remains to be seen
how such a change in their distribution will impact their
overall reproductive output and abundance, but the potential
repercussions are certainly important to investigate. Locating
lobster thermoreceptors and determining their thresholds
should lead to a better understanding of the neural mecha-
nisms underlying lobster responses to warming waters.
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