Mussels’ acclimatization to high, variable temperatures is
lost slowly upon transfer to benign conditions
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Summary statement: Acclimatization to high, variable temperatures is lost slowly with
constant submersion, potentially facilitating animals’ survival during intermittent stressful
thermal events. Previous acclimatization state influences the changes observed with constant
submersion.
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ABSTRACT

Climate change is increasing the temperature variability animals face, and thermal
acclimatization allows animals to adjust adaptively to this variability. While the rate of heat-
acclimatization has received some study, little is known about how long these adaptive changes
remain without continuing exposure to heat stress. This study explored the rate at which field-
acclimatization states are lost when temperature variability is minimized during constant
submersion. California mussels (Mytilus californianus) with different acclimatization states
were collected from high- and low-zone sites (~12°C vs. ~5°C daily temperature ranges,
respectively) and then kept submerged at 15°C for eight weeks. Each week, mussels’ cardiac
thermal performance was measured as a metric of acclimatization state; critical (7crit) and
flatline (FLT) temperatures were recorded. Across eight weeks of constant submersion high-
zone mussels’ mean 7t decreased by 1.07°C from baseline, but low-zone mussels’ mean Terit
was unchanged. High- and low-zone mussels’ mean maximum heart rate (HR) and resting HR
decreased ~12% and 35%, respectively. FLT was unchanged in both groups. These data suggest
that 7ericand HR are more physiologically plastic in response to the narrowing of an animal’s
daily temperature range than is FLT, and that an animal’s prior acclimatization state (high vs.
low) influences the acclimatory capacity of 7it. Approximately two months were required for
the high-zone mussels’ cardiac thermal performance to reach that of the low-zone mussels,
suggesting that acclimatization to high and variable temperatures may persist long enough to
enable these animals to cope with intermittent bouts of heat stress.

Keywords: acclimation, common garden, constant submersion, critical temperature, flatline
temperature, heart rate, heat stress, intertidal zone, mollusk, Mytilus californianus,
physiological plasticity, thermal tolerance

e
Qo
=
(8}
0n
=)
C
©
£
©
(0]
=
Q
(O]
(8}
O
<
(]
o)
()}
L)
Q
o
©
-
C
()
£
fe
()
(e
X
L
G
o
©
[
fw
>
(e}
S



INTRODUCTION

Physiological plasticity potentially allows animals to respond quickly to, and mount
defenses against, environmental stressors (Burggren, 2018; Gotcha et al., 2018; Gunderson and
Stillman, 2015; Rohr et al., 2018; Seebacher et al., 2015). During heat-acclimatization—one
example of physiological plasticity—several physiological changes occur that protect the
organism against elevated temperatures (Somero et al., 2017). Although we have some insights
into how quickly ectotherms can acclimatize to thermal stress (e.g., for intertidal mussels:
Braby and Somero, 2006a; Gurr et al., 2018; Jimenez et al., 2016; Pickens, 1965; Senius, 1975;
Widdows, 1973; Williams and Somero, 1996), much less is known about the rate at which the
physiological changes gained with heat-acclimatization are lost when high temperatures are
absent for a period of time. Understanding the relative rates at which physiological changes are
gained and lost becomes pressing in the face of climate change in which both the frequency of
heat waves and thermal variability are on the rise (IPCC, 2018). For example, in order to predict
an animal’s ability to survive large, intermittent temperature swings, it is critically important
to first understand whether the animal can retain its heat-acclimatized state for prolonged
periods in the absence of high temperatures between heat-stress bouts.

The physiological changes accompanying acclimatization to elevated temperatures are
likely to be metabolically costly (e.g., maintaining a higher constitutive level of heat shock
proteins; Somero, 2002; Willett, 2010), so it can be advantageous for organisms to re-
acclimatize to a lower temperature once heat stress is no longer present (Seebacher et al., 2015).
In the few cases where re-acclimatization has been studied in other aquatic organisms
(including mollusks), the process was found to take an equal, or longer, amount of time than
the initial heat-acclimatization (Corey et al., 2017; Cossins et al., 1977; Drake et al., 2017;
Healy and Schulte, 2012; Huey and Bennett, 1990; Senius, 1975). However, beyond these
limited observations, few of which have involved mussels, very little is understood about the
loss of acclimatization to high temperature (its time-course and mechanism) when heat stress
is removed and/or animals are subjected to constant submersion at cooler temperatures.

Due to their sessile nature, which limits behavioral thermoregulation, intertidal mussels
experience large body temperature fluctuations with each tidal cycle (Dowd et al., 2015;
Jimenez et al., 2015; Miller and Dowd, 2017). Mussels living at different heights on the shore,
and with different wave exposures, experience different daily temperature ranges, which allows
one to study members of the same species that live in close proximity, but which have
substantially different thermal histories (Denny et al., 2011; Gleason et al., 2018; Jimenez et
al., 2015; Miller and Dowd, 2017; Moyen et al., 2019; Zippay and Helmuth, 2012).
Furthermore, on many rocky shores, mussels are the dominant competitor for space in the mid-
intertidal zone, and therefore play an important role in intertidal community ecology (Bayne et
al., 1976; Gaylord et al., 2011; Mislan et al., 2014). Thus, information regarding mussels’
responses to thermal stress can provide important insights regarding how the increasing
temperature variability expected with climate change (IPCC, 2018) will impact intertidal
community ecology. Based on these characteristics, intertidal mussels can serve as a model
system in which to study the rates at which heat-acclimatization is gained and lost (Pickens,
1965).

In mussels, heat acclimation is typically completed (as measured by improved thermal
tolerance or physiological performance) after two to three weeks of either constant submersion
at a higher temperature, or exposure to an expanded range of daily temperature fluctuations
(Braby and Somero, 2006; Pickens, 1965; Widdows, 1973; Widdows, 1976). Heat acclimation
in mussels induces changes such as a decrease in resting heart rate (HR) (Braby and Somero,
2006), an increase in maximum HR (Pickens, 1965), an increased sensitivity to
neurotransmitters (Senius, 1975), an increased heat shock protein pool (Roberts et al., 1997), a
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restructuring of membrane order (Williams and Somero, 1996), and the re-establishment of
routine oxygen consumption and feeding rates after an initial increase with heat stress (Pickens,
1965; Widdows, 1973; Widdows, 1976). Each of these changes can help confer an increase in
physiological performance (Braby and Somero, 2006; Pickens, 1965). Whereas full
acclimatization may take two to three weeks, the rates at which different components of the
acclimatization response occur are highly variable. Some can occur within minutes or hours
(e.g., increased production of heat shock proteins), but others can take several days to weeks
to reach completion (e.g. increased neurotransmitter sensitivity of the cilia on the gills; Newell
and Bayne, 1973; Pickens, 1965; Roberts et al., 1997; Senius, 1975).

In mussels, changes in gene regulation, antioxidant defense, oxygen consumption, and
aerobic metabolic machinery are triggered by a tidal cycle and/or temperature variability
(Andrade et al., 2018; Gracey et al., 2008; Jimenez et al., 2015). Yet, we are aware of only one
study that has evaluated the effects of removing this variability. Gleason et al. (2018) found
that both high- and low-zone juvenile mussels’ thermal performance (as assessed by the
temperature at which 50% of mussels died, LTso) decreased after 28 days of constant
submersion, while adult mussels’ LTso did not change (Gleason et al., 2018). Research on other
organisms suggests that adult mussels with different thermal histories might respond differently
to constant submersion (Burggren, 2018; Jimenez et al., 2015; Wang et al., 2019; Williams and
Somero, 1996)— an avenue that Gleason et al. (2018) explored only in juvenile, but not adult,
mussels. Moreover, based on previous literature in other ectotherms like fish (Corey et al.,
2017; Healy and Schulte, 2012; Huey and Bennett, 1990), it may take longer than the 28 days
of constant submersion used by Gleason et al. (2018) to cause a downward shift in thermal
performance. And, whereas LTso values may change with constant submersion, it is unclear
whether constant submersion impacts cardiac thermal performance, a trait which (unlike LT5so,
1.e., dead vs. alive) allows for a more individualized and nuanced experimental understanding
of changes in thermal performance through organ-level function.

Cardiac thermal performance experiments on a variety of animals have provided
insights into the time-course of acclimation and the role of cardiac thermal limits in setting
whole-organism thermal performance (Braby and Somero, 2006; Zhang et al., 2014). Critical
temperature (7crit, the temperature at which further acute increases in temperature lead to an
abrupt decrease in heart rate), and flatline temperatures (FLT, the temperature at which heart
rate falls to zero), are the two cardiac traits commonly measured by cardiac thermal
performance tests (Braby and Somero, 2006; Drake et al., 2017). Both traits correlate with
underlying changes in cellular-level stress responses. In Mytilus californianus, expression of
heat shock proteins commences at temperatures several degrees below Tci, while at
temperatures near and above T, there is a much stronger upregulation of heat-shock genes
and expression of genes encoding proteins involved in proteolysis (Gracey et al., 2008).
Furthermore, cardiac thermal performance is partially dependent on the animal’s height on the
shore (Compton et al., 2018; Moyen et al., 2019), which suggests that this performance test is
sensitive to each individual’s thermal history.

Understanding the intricacies of an organism’s acclimatization process is a complex
and multi-faceted problem, one that is particularly challenging in intertidal animals because of
their exposure to a multitude of stressors that can fluctuate on an hourly basis (e.g., temperature,
hypoxia, desiccation). Thus, the goal of this study was to take a step towards better
understanding the complex processes surrounding the loss of acclimatization states by
exploring whether: (1) mussels’ cardiac thermal performance—as indexed by 7crit and FLT—
is altered when daily body temperature fluctuations are removed by constantly immersing
mussels at local sea surface temperatures for extended periods, and (2) these responses differ
between mussels previously acclimatized to different daily temperature ranges and
emersion/immersion durations (i.e., tidal cycles) due to their vertical positions on the shore.
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MATERIALS AND METHODS

To evaluate the effects of constant submersion and reduced thermal variation on cardiac
thermal performance, high- (n=125) and low-zone (n=126) M. californianus were collected
from a moderately wave-exposed shore at Hopkins Marine Station in Pacific Grove, California,
USA (36.6216°N, 121.9042°W). High- and low-zone groups were collected from the same site,
but were vertically separated by 0.56 m (0.43 m and 0.99 m above mean lower low water,
respectively, as measured with a GTS-211D total station, Topcon, Livermore, CA, USA). To
minimize any effects that size might have on thermal performance, only adult mussels with
shell lengths within a 30 mm range (i.e., 50-80 mm) were used.

Constant Submersion Experiments

Experimental design and animal preparation

To determine whether cardiac thermal performance changed across 8 Weeks of constant
submersion, different sets of 10-12 mussels each from both the high- and low-zone sites were
tested at baseline (Week 0), and then one set each Week thereafter over the course of eight
weeks. Because cardiac thermal performance tests are lethal if animals are taken to their flatline
temperatures (see Results section), each set could be tested only once.

Owing to equipment constraints, we could test only six mussels at any given time, and
each trial took ~4 hours to complete. Therefore, for practical purposes, we completed the
required 38 trials across three Rounds; where each Round represented an entire eight weeks of
constant submersion. For Rounds 1, 2, and 3, mussels were collected from the same high- and
low-zone sites on September 12 and November 23, 2018, and August 14, 2019, respectively.
At the beginning of each Round, within the first seven days of collection, 10-15 high- and low-
zone mussels underwent cardiac thermal performance tests to establish a baseline measurement
(i.e., Week 0) for mussels that had not yet been subjected to constant submersion. This served
as the baseline group for the rest of the mussels being tested during that Round. For each
Round, different numbers of mussels were tested each Week, with the overarching goal that
across all 3 Rounds, 10-12 mussels from each of the high- and low-zone sites were tested for
each Week (Table S1 outlines how many mussels were tested each Week during each Round
of experiments).

After collection, all mussels were kept together in the same flow-through aquarium
system. This tank holds approximately 60 L and has a flow rate of ~0.05 L-s™!; the tank’s water
was thus turned over every ~20 minutes. Sea water in the flow-through system came directly
from the Monterey Bay, but was sand filtered before entering the tanks; thus, the water
temperature was not controlled and matched that of the Bay. As such, for each of the Rounds
the water temperatures were (meants.d., range): Round 1 = 15.2 £ 1.1°C, 13.2-17.9°C; Round
2=14.8 £ 1.4°C, 11.7-17.2°C; and Round 3 = 14.9 + 0.8°C, 13.3-17.4°C. The overall water
temperature throughout the 24 weeks of testing was 15.0 + 1.1°C (mean#s.d.; range: 11.7 to
17.9°C). Although we did not obtain mussel temperatures from the high- and low-zone sites
prior to collecting the mussels, recent field work at Hopkins Marine Station recorded live
mussel temperatures, indicating that during the months of July and August, the mean individual
maximum temperatures for high- and low-zone mussels were ~25.8 and 19.8°C, respectively,
while the mean individual minimum temperatures for the high- and low-zone mussels were
~13.9 and 15.0°C, respectively. The mean and maximum sea surface temperatures during this
same period were 17.1 and 21.0°C, respectively (Miller and Dowd, 2017).
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Mussels were fed a commercial shellfish mix 3-4 times per week (Shellfish Diet 1800,
Reed Mariculture, Campbell, CA, USA). To avoid confounding effects of feeding on heart rate
(Pickens, 1965), mussels were starved for 24 h before cardiac thermal performance tests.

Cardiac thermal performance tests

Before testing commenced, each individual’s body mass was obtained (digital scale
accurate to 0.0001 g). Heart rate (HR) and internal mussel temperatures were recorded for each
individual during cardiac thermal performance tests. For measurements of internal mussel
temperature, a 1.5 mm diameter hole was drilled through the anterior end of each mussel’s shell
using a diamond bit. Next, in order to record individual mussel body temperatures, a
thermocouple (Type K, 26-gauge wire, Omega Engineering, Santa Ana, CA, USA) was
carefully inserted into the drilled hole, secured with cyanoacrylate glue, and then connected to
a thermocouple amplifier (Adafruit MAX31856 Universal Thermocouple Amplifier, New
York, NY) controlled by an Arduino microcontroller (Arduino Uno R3, Scarmagno, Italy). To
record heart rate during heating, an infrared sensor (Newshift, Model IR-AMPO03-EX, Leira,
Portugal) was positioned on each mussel’s shell on its dorsal side directly over the pericardial
sac, and held in place using mounting putty (Fun-Tak Mounting Putty, Loctite, Henkel
Corporation, Rocky Hill, CT). The infrared sensor was connected to an amplifier (Newshift,
Model AMPO3-EX, Leira, Portugal) and interfaced with a PowerLab data logger (AD
Instruments, LabChart 6 software, Colorado Springs, USA). Heart rate was sampled at 4 Hz
with a low-pass filter of 10 Hz (Burnett et al., 2013).

Once thermocouples and HR sensors were attached, each mussel was placed on a wire
rack inside an insulated chamber where air temperature could be tightly regulated. Mussels
were heated in air (i.e., emersed), as they would be during low tide. Air temperature inside the
chamber was increased at a specific air heating rate using a temperature control box (Newport
Electronics, iSeries Temperature Controller, Omega Engineering, Santa Ana, CA, USA) that
received feedback from a resistance temperature detector, which regulated a heating element
inside the chamber. A small fan circulated air inside the chamber to provide uniform heating.
After all mussels were placed inside the chamber and the lid was secured, there was a 20 minute
baseline equilibration period during which air temperature inside the chamber was steady at
22°C. At the end of the equilibration period, resting HR (the lowest HR during this equilibration
period) and body temperatures were recorded. Six mussels from the same zone were tested
during each trial.

Since mussels were emersed during heating, the chamber (air) heating rate needed to
be slightly faster than the planned mussel body heating rates due to a temporal lag between air
and mussel temperatures (see Moyen et al., 2019 for more details about the temporal
temperature lag). Mussels were tested at only a single air heating rate of 9.0°C-h™!, which
elicited a meants.d. mussel heating rate of 7.8 + 0.6°C-h™! (range = 6.0-9.0°C-h). In our
previous study (Moyen et al., 2019) we found that high-zone mussels had the highest Tci at
this heating rate, and that this rate elicited the biggest difference in 7eic between high- and low-
zone mussels. Additionally, this rate is similar to typical heating rates that high-zone mussels
experience on a daily basis at our site (Miller and Dowd, 2017). The meants.d. of the individual
mussel heating rates presented above were calculated for each trial by subtracting each
mussel’s baseline body temperature from its body temperature at the end of the last complete
hour of the experiment (when all mussels were still alive), and then divided by the total amount
of time between the two temperatures (in this case, at the end of 2 hours).

Mussel HR and body temperatures were recorded every 15 min throughout heating, as
well as when the critical temperature (Braby and Somero, 2006) and flatline temperature
(Stenseng et al., 2005) occurred. Along with resting HR, maximum HR (defined as the highest
HR during the cardiac thermal performance test) and the total HR range (maximum minus
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minimum HR) were also used to evaluate each mussel’s physiological responses to heat stress.
Flatline temperature was determined by pinpointing the mussel’s body temperature when their
last heartbeat occurred (defined by a heart rate of zero for at least three minutes). Because of
the large variability in HR signatures, heart beats were manually counted for 30 s at each
recording time and then multiplied by two to yield HR in beats per minute (for example HR
signatures see Moyen et al., 2019).

Once mussels reached their FLT, they were removed from the chamber and the
thermocouple and infrared sensor were detached. Morphometric measurements of shell height
(the longest distance from dorsal to ventral surfaces), shell width (the widest part of the mussel
across both closed valves), and shell length (the longest distance from the anterior to posterior)
were made using digital calipers (Beggel et al., 2015). To determine mussels’ reproductive
status, immediately after morphometric measurements were collected, mussels’ gonads and
somatic tissues were dissected and placed into separate aluminum weigh boats; samples were
dried in a drying oven at 60°C for 48 h or until brittle. Relative gonad mass (as a percentage of
total dry tissue mass) was calculated as gonadal mass divided by the sum of somatic plus
gonadal masses (Logan et al., 2012).

Teritand FLT Lethality Experiments

Although exposure to temperatures near 7t is not immediately lethal, such exposure
activates many components of the cellular stress response (Somero, 2020), which indicates that
cellular damage has occurred. However, it is currently unknown whether exposure to Terit 1S
eventually lethal over longer periods, e.g., several days or weeks. It has been observed that
FLT can be lethal (Moyen et al., 2019), however this has not yet been methodically tested. To
clarify the extent to which exposures to 7uit and FLT are lethal, and thus develop a better
ecological context for our findings, we conducted additional cardiac thermal performance tests.
For this purpose, we used adult mussels (n = 36) that were freshly collected from a moderately
wave-exposed site at Hopkins Marine Station, whose elevation ranged from 0.95 to 1.22 m
above mean lower low water. Grand meansts.d. for morphometric data were as follows: body
mass =29.9 £ 6.5 g, shell height = 28.9 £ 2.2 mm, shell width =26.4 + 2.0, and shell length =
60.5 £ 6.3.

Cardiac thermal performance tests were conducted using the same methods as detailed
above, and mussels were heated at the same rate (air heating rate of 9°C-h). HR was
continuously measured so that 7it and FLT could be identified. For two reasons mussels’
internal body temperatures were not measured during the tests: (1) the goal of the tests was to
determine whether Twicand FLT are lethal to the organism rather than to determine the animals’
actual Teicor FLT; (2) to measure internal temperature, thermocouples must be glued onto the
mussels’ shells, making it difficult to quickly remove each mussel from the chamber at its
specific Teic or FLT, without altering the temperature inside the chamber or disturbing the HR
measurements of other mussels.

For the Teit group (n = 12), each mussel was removed from the heat chamber when it
reached its 7it and placed immediately into ~15°C seawater. Mussels in the FLT group (n =
12) were heated until they reached their FLT, and then immediately placed into ~15°C
seawater. Lastly, the control mussel group (n = 12) was emersed in the chamber at 22°C (room
temperature) for the same amount of time that it took on average for the experimental mussels
to reach FLT (4 hours), before then being placed back into ~15°C seawater.

After testing, mussels were placed in a flow-through aquarium at 15.14 + 0.95°C
(meants.d.), and fed 3-4 times per week so that mussel mortality could be monitored for three
weeks (Dowd and Somero, 2013).
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Statistical Analyses

R 3.5.2 (https://cran.r-project.org/) and R studio (https://www. rstudio.com/) were used
for all statistical analyses. Because testing occurred in three different Rounds at different dates
over the course of one year, we first determined whether there were any differences among
Rounds in 7uit and FLT at Week 0 (i.e., baseline, no constant submersion) potentially resulting
from seasonal changes in thermal performance. To do so, we conducted separate one-way
ANOV As (across Rounds) for the high and low-zone mussels at Week 0. An 0<0.05 defined
significance for all statistical tests. We found no significant differences among Rounds at Week
0 for either the high or low-zone mussels’ 7uic or FLT (degrees of freedom=2, all F<2.7, all
P>0.05). Consequently, we took all of the Week 0 mussels from the three Rounds of testing,
and randomly selected 12 mussels to represent each of the high- and low-zone groups at Week
0, thus providing a sample size equal to that in subsequent weeks for the remainder of the
statistical analyses.

Since the cardiac thermal performance tests are lethal, we had to use new mussels each
Week for testing, which made this study a between-subjects design. We therefore used two-
way between-between ANOV As (2 Zone X 9 Week) to evaluate whether there was a Zone by
Week interaction effect, a main effect of Zone, or a main effect of Week for each of the heart
rate, morphometric, reproductive, and thermal-performance variables. For any tests with
statistically significant F scores, pairwise comparisons with a Bonferroni correction were used
to evaluate whether significant differences existed among Weeks or between Zones for a
specific Week. See Table S4 in the Supplemental Information for the ANOVA statistics for
each variable. Pearson r correlations were used to assess whether any relationships existed
between Tuic or FLT with the following variables: individual heating rate, resting HR,
maximum HR, total HR range, and/or any morphometric and reproductive variables.

Lastly, to determine the effects of constant submersion on the changes in 7, FLT,
resting HR, maximum HR, and total HR range from Week 0, we calculated each individual’s
change score from the Week 0 mean value that was specific to that Round and Zone. For
example, to evaluate the mean change in 7t for the Round 1 high-zone mussels at Week 8,
we subtracted each high-zone mussel’s 7eit at Week 8 from the mean of the high-zone mussels’
Toit at Week O for Round 1. For each variable, we first fit a linear model that included the
predictors of Week and Zone, plus a Week X Zone interaction effect to see whether the effects
of constant submersion differed based on Zone (i.e., whether the slopes of the lines for each
Zone were statistically different based on Week). If there was no interaction effect, then we fit
a linear model with just Week as the predictor (e.g., change in Tuit = slope X Week). The
intercepts in these regressions were all forced through zero (i.e., regression through the origin),
as the change from Week 0 is by definition zero. The fraction of overall variance explained by
ReS
Ty
(Eisenhauer, 2003). Here Y; is the predicted mean change value for a given Week, and Y; is the
actual mean change value for that Week. An 0<0.05 defined significance.

the linear model (+°) was calculated according to Eisenhauer (2003), where »° =

RESULTS

Heating rates and morphometric variables with constant submersion

Individual heating rates did not differ between Zones for any specific Week, between
Zones, or across Weeks (all P>0.05). Since we used a between-subject experimental design,
we wanted to confirm that mussels’ basic morphometrics were similar among groups (across
all eight Weeks), and also that Week 0 mussels were of similar size and reproductive status

)
a
=
Q
(2]
>
C
©
£
©
Q
s
Q
Q
O
O
<
[ ]
>
()}
L)
Q
m
(]
-
C
()
£
o
Q
Q
X
L
G
(o]
©
[
-
>
(e}
S



compared to all other Weeks. Therefore, we conducted two-way ANOV As (Zone by Week)
for each of the morphometric variables (see Table S4 for ANOVA statistics). The grand
meansts.d. for all 251 mussels” morphometric and reproductive status data were: body mass =
25.41 £ 7.82 g, shell height = 26.83 + 2.60 mm, shell width = 24.93 + 2.94 mm, shell length =
61.05 £ 6.18 mm, gonad mass (as a percentage of total dry weight) = 12.8 + 4.1% (see Table
S2 for detailed morphological parameters separated by Week and Zone).

There were no Zone by Week interaction effects for any of the variables (all P>0.05),
except for shell height (P=0.02). However, post-hoc tests with a Bonferroni correction
(significant at P<0.006 based on 8 tests for Weeks 1-8) found no significant differences
between Zones based on Week for shell height (all P>0.006). Similar to our previous study
(Moyen et al., 2019), the high-zone mussels were slightly larger on average, with a higher body
mass (by ~5 g), and greater shell height and width (both by ~1.5 mm; all P<0.001). Mussels
from Weeks 4 and 5 were slightly larger than mussels in the other Weeks (main effect of Week;
P<0.05; see Tables S1 and S4 for details). However, these slight morphometric differences
likely did not impact the study results as the only morphometric variables that significantly,
but weakly, correlated with 7erit were body mass and shell width (7=0.19 and 0.16, respectively;
both P<0.02). These correlations were likely due to the high-zone mussels being slightly larger
and having a higher Teit overall compared to the low-zone mussels. None of the morphometric
variables correlated with FLT (all P>0.05). It is unlikely that these slight differences in
morphometric variables caused any changes in cardiac thermal performance, because if that
were the case we would expect the mussels from Weeks 4 and 5 to have higher cardiac thermal
performance values than the other Weeks, but this did not occur (see below). Thus, these slight
differences in morphometric data across the eight weeks of constant submersion did not appear
to affect thermal tolerance, and the differences in cardiac thermal performance with constant
submersion are likely a result of differences in acclimatization status between high- vs. low-
zone mussels.

HR indices with constant submersion

There were no Week by Zone interaction effects for any of the HR variables when
assessing the change values from baseline (all P>0.05), indicating that high- and low-zone
mussels’ heart rates were similarly affected by eight weeks of constant submersion. Both high-
and low-zone mussels’ mean maximum HR decreased by 2.83 + 0.91 bpm (mean + 95% CI)
over the course of eight weeks of constant submersion, a 0.35 + 0.06 bpm (mean + SE of the
slope) decrease per Week (°=0.16; P<0.001; Fig. 1). Mussels’ mean resting HR decreased by
~5.52 £ 1.29 bpm (mean = 95% CI) over the eight weeks, a 0.69 = 0.08 bpm (mean * SE of
the slope) decrease per Week (+°=0.26; P<0.001; Fig. 2). These decreases are large when taken
as a percent change of the mussels” Week 0 mean maximum HR (~12% decrease overall) and
mean resting HR (~35% decrease overall). Although both maximum and resting HR decreased,
the total HR range (maximum — minimum HR) remained unchanged with constant
submersion (P=0.01, 7’=0.04). Lastly, these mean changes in HR did not account for any
changes that occurred in mean 7t (as assessed by regression analyses; all P>0.05).

As these data demonstrate, constant submersion altered the mean change values of
resting and maximum HR from baseline. However, when comparing the actual values at each
time point (rather than the changes relative to baseline), constant submersion did not have any
discernable effect on resting HR, maximum HR, or the total HR range for either zone: there
were no significant Zone by Week interaction effects, main effects of Zone, or main effects of
Week (all P>0.05; see Table S4 for ANOVA statistics). The grand means#s.d. for resting HR,
maximum HR, and the total HR range were 12.9 £+ 5.6, 22.5 £ 4.0, and 11.9 £ 4.1 bpm,

)
a
=
Q
(2]
>
C
©
£
©
Q
s
Q
Q
O
O
<
[ ]
>
()}
L)
Q
m
(]
-
C
()
£
o
Q
Q
X
L
G
(o]
©
[
-
>
(e}
S



respectively. Resting HR (both zones included) was significantly, but weakly, correlated with
FLT (+=0.15, P=0.03).

Teric and FLT with constant submersion

Eight weeks of constant submersion significantly decreased the mean 7erit in high-zone
mussels only, by ~1.07 £ 0.48°C (mean £ 95% CI) from Week 0 to Week 8§, or 0.13 £ 0.03°C
(mean * SE of the slope) per week (#°=0.17; P<0.001; Fig. 3). This is an approximately 2.7%
change from high-zone mussels’ baseline 7eit. Low-zone mussels” mean 7cit did not change
with constant submersion (P=0.23). Despite the fact that high-zone mussels’ mean Tcrit
decreased over the eight weeks and low-zone mussels’ 7crit did not, there was not a significant
interaction effect for Zone and Week for the mean change in 7crit (P=0.15).

High-zone mussels had a significantly higher 7eit overall (i.e., main effect of Zone) vs.
low-zone mussels (grand meansts.d. = 38.5 £ 1.6°C vs. 37.1 £ 2.3°C, respectively; P<0.001).
Constant submersion did not differentially affect the high- vs. low-zone mussels’ absolute 7crit
(i.e., no Zone by Week interaction effect; P=0.59), and the only significant difference across
Weeks (i.e., main effect of Week) was that the 7cit for Week 1 was significantly higher than
that of Week 3 (P<0.05; see Table S3 in the Supplementary Information for absolute 7 and
FLT data separated by Zone and Week, and Table S4 for ANOV A statistics).

FLT did not change over the course of the eight weeks of constant submersion (either
as a mean change value from baseline or as the actual values at each timepoint), did not differ
between Zones for any specific Week, and did not differ between Zones overall (grand
meants.d. =40.4 £ 1.3°C; all P>0.05). The absolute temperature difference between FLT and
Teit was wider in low- vs. high-zone mussels overall (grand meansts.d. for FLT—/7i = 3.31
+ 2.19 vs. 1.93 £ 1.52°C, respectively; P<0.001); however, constant submersion had no
discernable effect on this difference (all P>0.05; see Table S4 for ANOVA statistics).

FLT significantly correlated with Terit (r=0.40; P<0.001), Tci significantly correlated
with the absolute temperature difference between FLT and 7uic (= -0.80, P<0.001), and
individual heating rate and FLT were positively correlated (+=0.33; P<0.001).

Terit and FLT lethality

Three out of 12 mussels (25%) died after reaching their Teic: two of these mussels died
12 days after the test, and the other died 15 days after the test. All 12 mussels (100%) died
within four days after reaching their FLT. As expected, none of the control mussels (0%) died
from four hours of benign emersion at 22°C.

DISCUSSION

The goal of this study was to take a first step in exploring the role of temperature
variability and emersion duration in maintaining an animal’s acclimatization state. We did this
by evaluating how quickly cardiac thermal performance changes when a mussel’s typical
(field) temperature range is replaced by stable temperatures under constant submersion, and
whether these changes were dependent on an animal’s prior intertidal location on shore (i.e.,
their previous acclimatization state). Our studies demonstrate the utility of using cardiac
variables, notably HR and 74, to monitor the acclimatization status of mussels over time.
Phenotypic plasticity in these two traits was evident over the 8-week acclimatization period
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under constant submersion at local sea surface temperatures, and while the patterns of change
in HR were similar for both zones, only high-zone mussels’ 7cit decreased.

Changes in heart rate with constant submersion

Eight weeks of constant submersion similarly affected HR in high- and low-zone
mussels: mean maximum and resting HR both decreased, while the total HR range remained
unchanged. Previous research has shown that some HR indices are physiologically plastic.
Resting and maximum HR can change with heat and cold acclimation (Braby and Somero,
2006; Pickens, 1965), while the total HR range (i.e., maximum - minimum HR) remains fixed.
Similar to previous studies, we found that the total HR range did not change with constant
submersion because maximum and resting HR both shifted downward with constant
submersion. Our mussels’ downward shift in mean maximum HR is a similar percent change
from pre-acclimation HR (~12% decrease) to that found by Pickens (1965) after mussels were
constantly submerged at 16°C for 41 days (Pickens, 1965). Aside from the Pickens (1965)
study, however, we are unaware of any other studies in Mytilus that have evaluated changes in
HR with cold acclimation or re-acclimation to cooler temperatures. Thus, our data are some of
the first to investigate changes in resting and maximum HR with prolonged constant
submersion, where influences of temperature variability and tidal cycles are minimized or
eliminated.

As our mussels were constantly submerged for two months, it may be that, along with
the lack of temperature variability, the lack of the tidal cycle (or emersion) also affected their
hearts. Collins et al. (2019) compared heart rate responses during heating of subtidal
(constantly submerged) vs. intertidal (normal tidal cycle) blue mussels (M. galloprovincialis;
Collins et al., 2019). The authors found that when subtidal mussels were emersed (in air) their
HR decreased by ~25% when heated from 16-24°C, whereas the intertidal animals’ heart rates
remained unchanged when heated at a similar temperature range (Collins et al., 2019). It could
be that after eight weeks of constant submersion at ~15°C, our mussels’ hearts developed a
phenotype similar to that of subtidal animals’ hearts, which exhibit a higher heart rate when
submerged vs. emersed (Collins et al., 2019). This may partially explain why our mussels’
mean percent change in resting HR decreased by ~35% from baseline (since resting HR was
taken when mussels were emersed at ~22°C). It is unclear at this point what would cause
mussels’ maximum and resting heart rates to decrease with constant submersion, but there is
evidence suggesting that it could be related to changes in neurotransmitter sensitivity, thermal
effector sensitivity, oxygen consumption, metabolic machinery, or possibly shifts in gene
expression (Andrade et al., 2018; Bakhmet, 2017; Braby and Somero, 2006; Domnik et al.,
2016; Gracey et al., 2008; Jayasundara and Somero, 2013; Logan and Somero, 2011; Pickens,
1965; Seebacher et al., 2015; Stenseng et al., 2005; Widdows, 1973; Widdows, 1976; Williams
and Somero, 1996; Wu et al., 2016).

It is unclear exactly how these changes in resting and maximum HR with constant
submersion would impact the organism within an ecological context, as we are unaware of any
field studies exploring how changes in HR are linked to the organism’s metabolic rate and
long-term survival. Therefore, we can only speculate that these downward shifts in maximum
and resting HR (during emersion) may be indicative of reduced respiratory rates characteristic
of subtidal animals (Tagliarolo et al., 2012). However, since changes in HR did not account for
any changes in 7citor FLT, and FLT did not change with constant submersion, it appears that
these changes in HR may be secondary to mussel survival, and that other mechanisms likely
exert greater control in determining mussels’ thermal tolerance. Further research is required to
determine the stimuli, or lack thereof, required to alter and/or maintain changes in these HR

variables, along with the ecological implications of these changes in HR for mussel survival in
the field.
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Changes in cardiac thermal performance responses with constant submersion

Taking our data together with previous research, it appears that in the absence of high
temperatures, 7ei is lost at one-tenth of the rate that it is gained with heat-acclimation (i.e., lost
at ~0.13°C per week vs. increased by ~1.3-1.5°C per week; Braby and Somero, 2006; Pickens,
1965). This finding in mussels is similar to findings in other marine organisms (Corey et al.,
2017; Drake et al., 2017; Healy and Schulte, 2012; Huey and Bennett, 1990; Palumbi, 1984),
where animals acclimatize to elevated temperatures much faster (i.e., within 1 day to 3 weeks)
than they lose those changes when placed at lower temperatures (i.e., >3-8 weeks). In our study,
the slow decline in high-zone mussels’ 7t might be attributable to the fact that the stimulus
(i.e., simply the absence of the warmer temperatures typically experienced by our mussels in
the field) was not sufficient to rapidly or completely reverse the changes that led to the animals’
initial acclimatization state (Palumbi, 1984). However, it could also be that the decrease in
high-zone mussels’ Tuicresulted from molecular and biochemical changes due to lack of a tidal
cycle (emersion), rather than an absence of heat stress (Andrade et al., 2018; Gleason et al.,
2017; Gracey et al., 2008; Jimenez et al., 2015). Future research is required to tease apart the
effects of temperature variability vs. emersion on thermal performance, and how thermal
history influences the rates at which temperature acclimatization is gained vs. lost, i.e., the rates
at which re-acclimatization to new thermal conditions occurs.

Low-zone mussels’ 7rit did not change with constant submersion, likely because the
constant submersion treatment was not substantially different from these mussels’ typical daily
temperature fluctuations and emersion durations in the field. Our low-zone mussels at Hopkins
Marine Station typically experience a narrower temperature range on a daily basis than do high-
zone mussels (i.e., ~5 vs. ~12°C daily temperature range, respectively), and also undergo much
slower mean daily heating rates (~1.3 vs. ~6.8°C-h’!, respectively; Miller & Dowd, 2017).
Moreover, our low-zone mussels are immersed for a much larger percentage of their day
(around two-thirds of the day) compared to our high-zone mussels, which are immersed for
approximately one-third of each day (Tide Predictions- NOAA Tides and Currents, 2019). In
general, animals that experience less temperature variability (like our low-zone mussels)
appear to have less physiological plasticity (Denny and Dowd, 2012; Seebacher et al., 2015),
and as a result, are often less able to acclimatize to temperatures or conditions outside their
normal temperature range (Wang et al., 2019). For example, Wang et al. (2019) heat acclimated
limpets (Lottia limatula) from three locations with very different thermal profiles, and then
conducted thermal tolerance tests. Limpets from the site with the highest daily temperature
fluctuations had the largest changes in 7crit with heat acclimation (i.e., the greatest physiological
plasticity), while limpets from the most thermally stable environment actually had a decrease
in thermal tolerance with heat acclimation (Wang et al., 2019). The idea that physiological
plasticity is dependent on an animal’s thermal history is in line with findings in mussels
showing that living in different intertidal locations (e.g., high- vs. low-zone sites) leads to
distinct thermal histories (i.e., acclimatization states; Miller & Dowd, 2017), that can result in
very different physiological responses to heat stress (Compton et al., 2018; Denny et al., 2011;
Gleason et al., 2017; Logan et al., 2012; Moyen et al., 2019; Pickens, 1965; Somero, 2002;
Tanner and Dowd, 2019; Williams and Somero, 1996).

However, other factors—e.g., the temperature difference between Tuirand FLT—could
also govern an individual’s capacity for thermal plasticity. For example, gastropods whose Tt
is close to their FLT have smaller increases in 7cit with heat acclimation than those with a larger
difference between their 7eicand FLT (Armstrong et al., 2019; Stenseng et al., 2005). If we
apply these findings to our data, we would expect that our low-zone mussels would have
experienced the largest change in 7 with constant submersion since their FLT — Tt
difference is significantly wider than that of high-zone mussels. However, this was not the case.

+—
a
=
Q
(2]
>
C
©
£
©
Q
+
Q
Q
O
O
<
[ ]
>
()}
L)
Q
m
(]
-+
C
()
£
o
Q
Q
X
L
(IR
(o]
©
[
P -
>
(e}
=



Since the aforementioned studies (Armstrong et al., 2019; Stenseng et al., 2005) examined
plasticity in the context of heat acclimation, it may be that the opposite is true with cold
acclimation (or re-acclimatization), where animals with a wider FLT — T gradient experience
minimal decreases in their 7critbecause it is already near the minimum of the possible 7critrange.
Further research is needed to confirm this hypothesis.

Changes in cardiac thermal performance within an ecological context

Previous studies on limpets (Dong et al., 2018; Han et al., 2013) show that some
mollusks can recover from reaching 7crit but that FLT is invariably lethal. This is in contrast to
crabs, which die if they reach Tci: (Tepolt and Somero, 2014). In the absence of similar data
on mussels, we conducted experiments to determine whether 7i: and FLT are lethal. We found
that the majority of mussels recovered after reaching 7uir when followed by an immediate
return to cool seawater (~15°C); however, reaching FLT was invariably lethal (see Results).

These findings are important to consider in the context of our constant-submersion
results, where mean 7cit decreased (by ~1.1°C or 2.7% from baseline) in high-zone mussels,
but there was no change in FLT for either zone. Although merely reaching 7.t is generally not
lethal to mussels, it is probable that prolonged time at 7t would be lethal, as this temperature
is linked to maximal expression levels of stress-related genes and proteins in mollusks (Gracey
et al., 2008; Han et al., 2013; Zhang et al., 2014). Thus, it may be presumed that having a higher
Tt would be beneficial to the organism. However, similar to our previous study (Moyen et al.,
2019), we found that animals with a higher 7 had the same FLT as those with a lower Tt
(e.g. two animals’ T differed by 6°C, but their FLT was the same, 41°C). This finding begs
the question as to the importance of 7eit plasticity if FLT remains unchanged. Although
contrary to the predominant beliefs in the field, it may be that if FLT remains fixed, having a
lower (vs. higher) Teit is beneficial to the organism. For example, suppose that two mussels
with different critical temperatures (e.g., 33 vs. 39°C) but the same FLT (41°C), reach a
sublethal temperature of 38°C during an afternoon low tide. The mussel with a 7 of 33°C
will spend considerably more time with a lower HR (and presumably lower oxygen
consumption) while their temperature is between 33-38°C, while the mussel with a Tcrit0f39°C
will be at near maximum HR and oxygen consumption for a longer duration. As such, the
animal with the lower Tcit would have saved a considerable amount of energy that can then be
used for recovery and repair post-heat stress. Therefore, assuming that reaching temperatures
between Tcirand FLT are not acutely lethal, it may be that it is more beneficial to have a lower
Teit (if FLT does not change); however, this energy tradeoff likely depends on the frequency
with which the animal experiences heat stress.

Although we are unaware of any studies evaluating changes in FLT with temperature
acclimation in mussels, based on limpet (Drake et al., 2017) and snail (Stenseng et al., 2005)
studies, FLT may (Drake et al., 2017) or may not change (Stenseng et al.,, 2005) with
temperature acclimation. Gleason et al. (2018) found that mussels’ lethal temperature (assessed
by LTs0) was decreased after one month of constant submersion in juveniles, but not in adults.
Thus it may be that the animal’s lethal temperature (in this particular case assessed by heart
rate reaching zero) is set early in life based on the temperatures each individual experiences
during a critical window of development (Burggren, 2018; Gleason et al., 2018; Karunanithi et
al., 2015). It could also be that high- or low-zone mussels’ FLT would change if a larger
stimulus (outside of their normal temperature range) was provided (Huey and Bennett, 1990;
Palumbi, 1984), and that simply narrowing a mussel’s daily temperature range does not change
its flatline temperature. However, we cannot rule out the possibility that FLT is predominantly
determined by genetics (Kelly, 2018; Morley et al., 2017; Sorby et al., 2018).

It is clear that our findings highlight the need for additional research that might pinpoint
the cellular and molecular mechanisms, along with the life stage, that determine FLT in
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mussels. Moreover, studies should aim to better understand the energy tradeoffs associated
with making changes to 7cit (and the rate at which that occurs) if and when FLT remains fixed.
Additionally, it is important to explore how reaching temperatures at or above 7t (but before
FLT) affects mussels’ cardiac function and survival, during single- and repeated-bouts of heat
stress.

Considerations

Laboratory research on thermal acclimation of mussels has often utilized common
garden (typically, constant submersion) treatments as the first step in its protocols. Mussels are
held in aquaria, constantly submerged without a tidal cycle, for a period of time ranging from
as short as two weeks to as long as six months (Andrade et al., 2018; Braby and Somero, 2006;
Dowd and Somero, 2013; Logan et al., 2012; Yao and Somero, 2013). Common garden
exposure of this type is intended to establish similar thermal responses in all specimens, yet we
are unaware of any studies that have validated this assumption. Notably, it took two months
for our high-zone mussels to reach a similar 7crit to that of low-zone mussels, which calls into
question the assumptions of some prior work using constant submersion for less than two
months to start animals at the same baseline thermal tolerance.

Moreover, we note that two months of constant submersion did not alter the variability
in critical or flatline temperatures among individuals: the standard deviations of Tcitand FLT
remained unchanged across eight weeks of constant submersion. Therefore, “acclimation” to a
constant (sea surface) temperature does not result in all individuals reaching a similar 7.
Instead, it may be that, during acclimation, each individual undergoes a similar change in 7t
relative to its initial FLT — 7T range (e.g., heat acclimation leads to a 10% increase in all
mussels’ Terit, relative to their overall FLT — Tt range). Since merely reaching 7ei 1s generally
not lethal in mussels, future studies could employ 7t tests on the same individuals before and
after temperature acclimation to quantify each individual’s change in it (Healy and Schulte,
2012). Measuring these individual changes in thermal tolerance will help to elucidate the
cellular and molecular changes underpinning temperature acclimatization (Tanner and Dowd,
2019).

Conclusions

Lack of substantial temperature variability and daily tidal cycles from eight weeks of
constant submersion led to a decrease in maximum and resting HR in both low- and high-zone
mussels. Moreover, high-zone mussels’ mean 7t decreased by 1.07 + 0.48°C (~2.7% change)
from baseline, but low-zone mussels’ mean 7t remained unchanged. Constant submersion did
not change FLT in either high- or low-zone animals. It thus appears that 7ct is more sensitive
(physiologically plastic) to the narrowing of an animal’s daily temperature range than is FLT.
This study is in line with previous literature showing that physiological changes with heat
acclimation (e.g., an increase in 7cit) occur much more quickly than they are lost when the
stimulus (i.e., heat) is removed. In ecological models predicting animal survival with climate
change, it is important to consider not only how increases in temperature variability might
impact the organism, but also how the narrowing of an animal’s temperature range (e.g., during
winter) might result in a loss of any previously acquired improvements in cardiac thermal
performance. Moreover, it is important to consider our findings when designing laboratory-
based experiments utilizing a constant submersion (or common garden) protocol at the start of
an experiment, since we found that the group’s mean cardiac thermal performance is lost at a
slow rate and that individual variability remains. These data lay the foundation for future work
exploring the role of 7&i plasticity in organism survival during single- and repeated-bouts of
heat stress, especially when FLT might remain unchanged.
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Weeks of Constant Submersion

Fig. 1. Changes in mussels’ maximum HR from Week 0 across eight weeks of constant
submersion. Each point represents an individual’s change value which is calculated by
subtracting each individual’s maximum HR for that Week from the Week 0 mean maximum
HR, specific to their Round and Zone. Individuals from the high zone are in red, and those
from the low zone are in blue (note that the points are slightly offset for better visualization).
Mussels’ maximum HR significantly decreased from Week 0 (+°=0.16; P<0.001) by 0.35 +
0.06 bpm (mean * SE of the slope) per Week, and by ~2.83 £ 0.91 bpm overall (mean + 95%
CI). In the regression equation, y is the mean change in maximum HR from Week 0 (bpm), and
x is the number of Weeks of constant submersion. Constant submersion did not differently
affect high- vs. low-zone mussels maximum HR response (P=0.57). The dashed line at zero
represents no change in mean maximum HR from baseline (i.e., Week 0, no constant
submersion), while the gray shading around the black best fit line indicates the 95% confidence
intervals.
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Weeks of Constant Submersion

Fig. 2. Changes in mussels’ resting HR from Week 0 across eight weeks of constant
submersion. Each point represents an individual’s change value which is calculated by
subtracting each individual’s resting HR for that Week from the Week 0 mean resting HR,
specific to their Round and Zone. Individuals from the high zone are in red, and those from the
low zone are in blue (note that the points are slightly offset for better visualization). Mussels’
resting HR significantly decreased from Week 0 (7°=0.26; P<0.001) by 0.69 + 0.08 bpm (mean
+ SE of the slope) per Week, and by ~5.52 + 1.29 bpm overall (mean + 95% CI). In the
regression equation, y is the mean change in resting HR from Week 0 (bpm), and x is the
number of Weeks of constant submersion. Constant submersion did not differentially affect
high- vs. low-zone mussels resting HR response (P=0.96). The dashed line at zero represents
no change in mean maximum HR from baseline (i.e., Week 0, no constant submersion), while
the gray shading around the black best fit line indicates the 95% confidence intervals.
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Fig. 3. Change in mussels’ Tcrit from Week 0 across eight weeks of constant submersion.
Each point represents an individual’s change value which is calculated by subtracting each
individual’s Tcric for that Week from the Week 0 mean 7, specific to their Round and Zone.
The red line of best fit is for the high-zone mussels only. Constant submersion decreased high-
zone mussels’ mean Teic (#°=0.17; P<0.001) by 0.13 + 0.03°C (mean * SE of the slope) per
Week, leading to an overall decrease in mean 7crit of 1.07 £ 0.48°C from Week 0 (mean £ 95%
CI). Low-zone mussels’ mean 7t did not change with constant submersion (P=0.23), which
is why there is no line of best fit for the low-zone mussels on this figure. In the regression
equation y is the mean change in 7uic (°C) from Week 0, and x is the number of Weeks of
constant submersion. The dashed line at zero represents no change in mean 7cit from Week 0,
while the gray shading around the red best fit line indicates the 95% confidence intervals.
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Journal of Experimental Biology: doi:10.1242/jeb.222893: Supplementary information

SUPPLEMENTARY INFORMATION

Table S1. Number of mussels tested (n) each Week, based on Round and Zone

Round 1 Round 2 Round 3 Overall

Week High Low High Low High Low High Low
Zone Zone Zone Zone Zone Zone Zone Zone

0 15 12 10 11 12 12 37* 35%

1 5 - 6 12 - - 11 12

2 5 6 6 6 -- - 11 12

3 10 - - 12 -- -- 10 12

4 - - - - 1 11 11 1

5 -- -- - -- 12 11 12 11

6 5 6 6 6 - - 11 12

7 - - - - 10 10 10 10

8 6 5 6 6 -- - 12 1
Overall 46 29 34 53 45 44 125 126

Note: Data represent the sample sizes (n) of mussels tested each Week during each of the three
Rounds of 8 weeks of constant submersion, including a baseline (Week 0) week; data are
separated by Zone (High or Low) for further clarity. Since only 6 mussels could be tested at any
given time, and trials lasted ~4 hours total, we could not test all mussels from both zones in the
same Week for 8 consecutive weeks. Thus, for practical purposes, testing was split up across
three different Rounds that were each 8 weeks long. For the regression analyses where a mean
change score was calculated for each Week, we took the mean HR and cardiac thermal
performance metrics for each Week and subtracted the values from the baseline (Week 0) mean
for that specific Round and Zone. *Indicates that data from only 12 mussels from each the high-
and low-zone sites were randomly selected (from all three Rounds) to be used as the baseline
group (Week 0) for the ANOVA analyses so that sample sizes were similar across Weeks.
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Journal of Experimental Biology: doi:10.1242/jeb.222893: Supplementary information

Table S2. Mussel morphometric data separated by Zone and Week

Week | Zone iasl?zl::l Body Mass g(l:iegllllt LSel:gl:h Shell Width ni(;:?go
) (g) (mm) (mm) (mm) total dry
mass)

High 12 | 2537527 | 25.84+2.06 | 59.40+4.62 | 25.99+2.57 | 14.1=1.70

! Low 12 | 22.50+4.34 | 27.77£2.40 | 61.67x6.30 | 24.54+221 | 17.4+5.93
High 11 23.16+7.89 | 24.58+2.38 | 58.23+5.17 | 24.41+3.19 | 11.3£3.67

! Low 12 | 2324743 | 2740291 | 59.88+7.52 | 23.72+2.72 | 11.4+3.50
High 11 21.96+£7.53 | 25.16x1.55 | 58.56+5.10 | 25.19+2.63 | 13.7+2.69

? Low 12 | 23.05+4.38 | 28.06+2.18 | 60.22+4.03 | 23.94+2.42 | 13.1+4.58
High 10 | 24.71+£5.68 | 23.36+3.43 | 56.83+3.20 | 25.52+2.06 | 15.3+3.33

3 Low 12 | 22.90+6.89 | 27.34+2.26 | 62.03+5.67 | 23.68+3.09 | 11.3+2.88
High 11 33.30+8.68 | 27.96x2.45 @ 65.03x5.28 @ 28.23+3.47 | 12.1x2.56

) Low 11 2717727 | 28.79+1.91 | 65.25+6.10 | 25.31£2.63 | 9.5+2.43
High 12 | 3540846  28.41+2.22 | 66.63+6.14 | 27.00£2.98 | 11.2+3.01
> Low 11 27.02+7.45 | 28.35+2.12 | 65.64x548 | 25.82+2.62 | 12.0+2.44
High 11 26.61+7.57 | 24.74+2.47 | 57.51+5.58 | 25.30+2.74 | 15.8+4.31

¢ Low 12 19.77£5.18 | 25.97+1.58 | 57.25+5.01 | 22.74+2.18 | 12.4+3.33
High 10 | 33.56+£9.81 | 27.79+1.60 | 64.67+5.16 | 26.88+3.64 | 12.4+5.89

’ Low 10 | 23.38+3.89 | 26.97+2.01 | 62.43+5.04 | 23.85x1.74 | 11.3£3.30
High 12 | 22.779+£5.88 | 24.65«£1.77 | 56.71+5.67 | 23.41+x1.66 | 14.7+3.82

’ Low 11 22.77£6.64 | 27.68+3.14 | 59.15+£5.79 | 23.69+2.75 | 12.1+4.67
Overal | High | 100 274 1:8'75 260 1:2'62 60.63+6.29 | 25.77+3.09% | 13.4+3.79
! Low 103 | 23.47+6.25 | 27.58+2.37 | 61.43+6.09 | 24.15£2.58 | 12.3x4.24

Note: Data are means+s.d. *Indicates a significant main effect of Zone overall (all P<0.05). No
significant interaction effects (Zone by Week) existed for any variables (see Table S4 for details).
There was a significant main effect of Week for the following variables (all P<0.05): body mass
(Week 4 significantly differed from Weeks 1, 2, 6, & 8, and Week 5 significantly differed from
Weeks 0-3, 6 & 8); shell length (Week 4 significantly differed from Weeks 1, 2, 6, & 8, Week 5
significantly differed from Weeks 0-3, 6, 8, and Week 7 significantly differed from Weeks 6 & 8);
shell height (Weeks 4 & 5 significantly differed from Week 6); shell width (Week 4 significantly
differed from Weeks 1 & 8, and Week 5 significantly differed from Week 8); gonad mass (Week
0 significantly differed from Weeks 1, 4, 5 & 7). However, none of the Weekly differences in
these variables appeared to affect cardiac thermal performance (see Results). See Table S4 for
degrees of freedom, F values, and P values for all ANOVA analyses.
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Table S3. Absolute critical and flatline temperature data separated by Zone and Week

Week Zone Terit (°C) FLT (°C) Diffel;fnfgrzto o
High 39.09+2.13 40.55+1.10 1.46=1.87
’ Low 36.79+2 .31 40.32+1.74 3.51+2.70
High 39.16x1.32 41.07+0.70 1.54+0.89
! Low 37.87+1.33 40.47+0.94 2.59+1.46
High 38.63x1.13 40.16+1.29 1.55£0.91
? Low 38.03x1.08 40.84+0.70 2.82+0.94
High 37.74+1.57 40.07+1.33 2.33+£2.46
3 Low 35.29+2.65 39.81+0.83 4.53+2.31
High 38.43+1.49 40.74+1.75 2.32+1.31
) Low 37.86+1.66 40.61+0.81 2.69+2.08
High 38.51+1.92 40.66+1.67 2.17+1.26
° Low 36.53+3.00 41.22+1.49 4.90+2.28
High 38.20x1.19 40.06+0.95 1.75+1.43
¢ Low 36.40+2.24 39.56+1.37 3.19+2.82
High 38.51+1.43 40.81+0.63 2.30+1.74
’ Low 37.90+2.56 41.28+1.77 341+2.28
High 38.19+2.00 40.13+1.23 1.98+1.48
5 Low 37.71+£2.29 39.87+1.63 2.30+1.48
High 38.50+1.62* 40.47+1.25 1.93x1.52
Overall
Low 37.13+2.29 40.40+1.37 3.31+2.19%

Note: Data are means=s.d. *Indicates a main effect of Zone overall (P<0.05). Tcic in Week 1 was
significantly higher than Week 3 (P<0.05). There were no other significant Zone by Week
interaction effects, or significant main effects of Zone or Week (all P>0.05). We were unable to

identify the FLT for six out of the 203 mussels, so the overall sample size is 197 individuals for
FLT and the FLT T. difference. See Table S4 for specific degrees of freedom, F values, and P
values for the ANOVA analyses.
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Table S4. ANOVA statistical analyses for each variable.

Varape | Mol ot Zone | Ml et ofWeek | crion-

F and P values

Body mass F=16.40, P<0.0001%* F=5.77, P<0.0001%* F=1.98, P=0.051

Shell Length F=1.84,P=0.18 F=7.37, P<0.0001* F=0.679, P=0.71

Shell Width F=16.67, P<0.0001* F=3.68, P<0.001* F=0.89, P=0.53
Shell Height F=28.27, P<0.0001%* F=5.38, P<0.0001%* F=2.39, P=0.0187}
Gonad mass F=4.63, P=0.03% F=4.04, P<0.001* F=2.20, P=0.0287}

Heating Rate F=0.09, P=0.76 F=1.35,P=0.22 F=0.65, P=0.73

Terit F=24.08, P<0.0001%* F=227, P=0.02% F=0.96, P=0.47

FLT F=0.03, P=0.87 F=2.67,P=001% F=0.75, P=0.64

g}};;ﬁg F=27.6, P<0.0001* F=1.87, P=0.07 F=1.06, P=0.39

Maximum HR F=0.05, P=0.83 F=2.52,P=001f% F=0.45, P=0.87

Resting HR F=0.02, P=0.89 F=2.34, P=0.02% F=1.79, P=0.08

Total HR Range F=0.23, P=0.63 F=1.37,P=0.21 F=1.06, P=0.39

Note: Data represent the F' values, and P values for each of the ANOVA analyses for each of
variables (listed in the left-hand column) for the main effect of Zone (degrees of freedom = 1),
main effect of Week (degrees of freedom = 8), and Zone by Week interaction effect (degrees of
freedom = 8). A two-way, between-between ANOVA (2-Zone by 9-Week) was run for each of the
variables, and a P<0.05 indicated significance. fIndicates no significant (meaningful) post-hoc
differences when using a Bonferroni correction. *Indicates significant post-hoc differences; see
Tables S1 & S2, along with the Results section for details about actual values and post-hoc
differences. Tt is critical temperature, and FLT is flatline temperature.
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SUPPLEMENTARY INFORMATION

Table S1. Number of mussels tested () each Week, based on Round and Zone

Round 1 Round 2 Round 3 Overall

Week High Low High Low High Low High Low
Zone Zone Zone Zone Zone Zone Zone Zone

0 15 12 10 11 12 12 37* 35*

1 5 - 6 12 -- -- 11 12

2 5 6 6 6 -- -- 11 12

3 10 - -- 12 -- -- 10 12

4 - - -- -- 11 11 11 11

5 - - -- -- 12 11 12 11

6 5 6 6 6 -- -- 11 12

7 - -~ -- -- 10 10 10 10

8 6 5 6 6 -- -- 12 11
Overall 46 29 34 53 45 44 125 126

Note: Data represent the sample sizes (n) of mussels tested each week during each of the three
Rounds of 8 weeks of constant submersion (#=251 total mussels), including a baseline week (Week
0); data are separated by Zone (High or Low) for further clarity. Since only 6 mussels could be
tested at any given time, and trials lasted ~4 hours total, we could not test all mussels from both
zones in the same week for 8 consecutive weeks. Thus, for practical purposes, testing was split up
across three different Rounds that were each 8 weeks long. For the regression analyses where a
mean change score was calculated, each individual’s value was subtracted from the Week 0 mean
value (of all 12 mussels), that was specific to that individual’s testing Round and Zone. *Indicates
that data from 12 mussels from each the high- and low-zone sites were randomly selected (from
all three Rounds) to be used as the baseline group (Week 0) for the ANOVA analyses so that
sample sizes were similar across the 9 weeks.
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Table S2. Mussel morphometric data separated by Zone and Week

Gonad mass

Week Zone S:’IZI:[():S Bodzfgl;/lass She(l:n}IIne)ight She?n{;fll)lgth She(lllnﬁidth (% total dry
mass)
High 12 25.3745.27 25.84+2.06 59.40+4.62 25.9942.57 14.1+1.70
Low 12 22.50+4.34 27.77+£2.40 61.67+6.30 24.54+2.21 17.4+5.93
High 11 23.16%7.89 24.58+2.38 58.23+5.17 24.4143.19 11.3+3.67
Low 12 23.24+7.43 27.40+2.91 59.88+7.52 23.7242.72 11.4+3.50
High 11 21.96£7.53 25.16£1.55 58.56£5.10 25.194+2.63 13.71£2.69
Low 12 23.0544.38 28.06+2.18 60.22+4.03 23.9442.42 13.1+4.58
High 10 24.7145.68 23.3613.43 56.83+3.20 25.52+2.06 15.3£3.33
Low 12 22.90+6.89 27.34+2.26 62.03+5.67 23.68+3.09 11.3£2.88
High 11 33.30+8.68 27.9612.45 65.03+5.28 28.23+3.47 12.1£2.56
Low 11 27.17+7.27 28.79+1.91 65.25+6.10 25.3142.63 9.5+2.43
High 12 35.40£8.46 28.41+2.22 66.631+6.14 27.00+2.98 11.2+3.01
Low 11 27.02+7.45 28.35+2.12 65.64+5.48 25.8242.62 12.0+2.44
High 11 26.6117.57 24.7412.47 57.51+5.58 25.30£2.74 15.844.31
Low 12 19.77£5.18 25.97+1.58 57.25£5.01 22.74+2.18 12.4+3.33
High 10 33.5619.81 27.79+1.60 64.67+5.16 26.88+3.64 12.4£5.89
Low 10 23.38+3.89 26.97+2.01 62.43+5.04 23.85+1.74 11.3+£3.30
High 12 22.79+5.88 24.65x1.77 56.71£5.67 23.41£1.66 14.7+£3.82
Low 11 22.7716.64 27.6813.14 59.15+5.79 23.69+2.75 12.1+4.67
S High 100 27.41£8.75*  26.01+2.62* 60.63+6.29 25.77£3.09* 13.4£3.79
Low 103 23.47+6.25 27.58+2.37 61.43+6.09 24.15+2.58 12.3+4.24

Note: Data are meants.d. *Indicates a significant main effect of Zone overall (all P<0.05). No
significant interaction effects (Zone by Week) existed for any variables (see Table S4 for details).
There was a significant main effect of Week for the following variables (all P<0.05): body mass
(Week 4 significantly differed from Weeks 1, 2, 6, & 8; and Week 5 significantly differed from
Weeks 0-3, 6 & 8); shell length (Week 4 significantly differed from Weeks 1, 2, 6, & 8; Week 5
significantly differed from Weeks 0-3, 6, 8; and Week 7 significantly differed from Weeks 6 & 8);
shell height (Weeks 4 & 5 significantly differed from Week 6); shell width (Week 4 significantly
differed from Weeks 1 & 8, and Week 5 significantly differed from Week 8); gonad mass (Week
0 significantly differed from Weeks 1, 4, 5 & 7). However, none of the weekly differences in these
variables appeared to affect cardiac thermal performance (see Results). See Table S4 for degrees
of freedom, F values, and P values for all ANOVA analyses.
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Table S3. Absolute critical and flatline temperature data separated by Zone and Week

Week Zone Terit (°C) That (°C) Di fo‘;r‘e;c: (‘ 0
High 39.09+2.13 40.55+1.10 1.46+1.87
0 Low 36.79+2.31 40.32+1.74 3.5142.70
. High 39.1621.32 41.07+0.70 1.54+0.89
Low 37.87+1.33 40.47+0.94 2.59+1.46
High 38.63+1.13 40.16+1.29 1.55+0.91
2 Low 38.03+1.08 40.84+0.70 2.82+0.94
High 37.74+1.57 40.07+1.33 2.3342.46
3 Low 35.2942.65 39.81+0.83 4.5342.31
) High 38.43+1.49 40.74+1.75 2.3241.31
Low 37.8621.66 40.610.81 2.69+2.08
High 38.51+1.92 40.66+1.67 2.17+1.26
> Low 36.5343.00 41.22+1.49 4.90+2.28
High 38.20+1.19 40.06+0.95 1.75+1.43
6 Low 36.40+2.24 39.5621.37 3.19+2.82
; High 38.51+1.43 40.8140.63 2.30+1.74
Low 37.90+2.56 41.28+1.77 3.4142.28
High 38.19+2.00 40.13+1.23 1.98+1.48
8 Low 37.7142.29 39.87+1.63 2.30+1.48
High 38.5041.62% 40.47+1.25 1.93+1.52
Overall
Low 37.13+2.29 40.40+1.37 3.3142.19%

Note: Data are meanss.d. Tt is critical temperature, and Tt is flatline temperature. *Indicates a
main effect of Zone overall (P<0.05). Teit in Week 1 was significantly higher than Week 3
(P<0.05). There were no other significant Zone by Week interaction effects, or significant main
effects of Zone or Week (all P>0.05). We were unable to identify the Tfqa for six out of the 203
mussels, so the overall sample size is 197 individuals for Tha and the Tha— Teric difference. See
Table S4 for specific degrees of freedom, F values, and P values for the ANOVA analyses.

C
o
]

©

£

e
qg
£

)

|

©
)

C

()

£
Q

o

o

=}
(70}

L]

>

(@)}
o
Q
m
©
i)

C

(0]
£

fu.

Q

o

X
Ll
G

o
©

C

=

>

o
=



Journal of Experimental Biology: doi:10.1242/jeb.222893: Supplementary information

Table S4. ANOVA statistical analyses for each variable.

. Main effect of Zone Main effect of Week Z?ne by Week
Variable interaction
F and P values F and P values

F and P values

Body mass F=16.40, P<0.0001* F=5.77, P<0.0001* F=1.98, P=0.051

Shell Length F=1.84, P=0.18 F=7.37, P<0.0001* F=0.679, P=0.71

Shell Width F=16.67, P<0.0001* F=3.68, P<0.001* F=0.89, P=0.53
Shell Height F=28.27, P<0.0001* F=5.38, P<0.0001* F=2.39, P=0.018%

Gonad mass

F=4.63, P=0.03+

F=4.04, P<0.001*

F=2.20, P=0.028%}

Heating Rate F=0.09, P=0.76 F=1.35, P=0.22 F=0.65, P=0.73
Terit F=24.08, P<0.0001* F=2.27, P=0.02* F=0.96, P=0.47
Thiat F=0.03, P=0.87 F=2.67, P=0.01+% F=0.75, P=0.64
T.“a‘_T crit F=27.6, P<0.0001* F=1.87, P=0.07 F=1.06, P=0.39
difference
Maximum HR F=0.05, P=0.83 F=2.52, P=0.01% F=0.45, P=0.87
Resting HR F=0.02, P=0.89 F=2.34, P=0.02% F=1.79, P=0.08
Total HR F=0.23, P=0.63 F=137, P=0.21 F=1.06, P=0.39
Range

Note: Data represent the F' and P values for each of the ANOVA analyses for each of variables
(listed in the left-hand column), regarding the main effect of zone (degrees of freedom = 1), main
effect of Week (degrees of freedom = 8), and the Zone by Week interaction effects (degrees of
freedom = 8). A two-way, between-between ANOVA (2-Zone by 9-Week) was run for each of the
variables, and a P<0.05 indicated significance. fIndicates no significant (meaningful) post-hoc
differences when using a Bonferroni correction. *Indicates significant post-hoc differences; see
Tables S1 & S2, along with the Results section for details about actual values and post-hoc
differences. Tt is critical temperature, and Tha is flatline temperature.
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