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This study investigates whether salinity affects the upper thermal tolerance (CTpax) of the euryhaline mummi-
chog (Fundulus heteroclitus). Mummichogs were acclimated to seawater (38 ppt, SW) or freshwater (<1 ppt, FW)
at 18.5°C (Taco), then transferred to the opposite salinity. CTpax and physiological profiles were assessed on days

Iélslll;ﬁ;l; lation 0, 1, 3, 6, and 13 post-transfer. CTp,x was consistently lower in FW than in SW, regardless of prior acclimation.
Salinityg Compared to the Ty controls, CTpax exposure reduced plasma ion levels in FW-transferred fish and increased
Temperature them in SW-transferred fish. In both salinities, CTpax exposure raised plasma cortisol, glucose, lactate, and

hematocrit.

Second-order Akaike Information Criterion (AICc) modeling identified the Salinity/Acclimation time inter-
action as the most parsimonious predictor of CTy,x. Furthermore, multivariate analysis reveals that potential
underlying mechanisms of thermal shock diverged by environment. In FW, CTp,ax progressively declined over
time, constrained by a direct metabolic tax—the recruitment of high-overhead, residual (ouabain-insensitive)
ATPase activity required to maintain ionic stability—alongside a unique stress-erythropoiesis response.
Conversely, in SW, thermal performance improved over time and was tightly coupled to osmolality, glucose and
cortisol. Additionally, lactate accumulation was a shared response across salinities. We conclude that the synergy
of ion-poor environments and rising temperatures creates a unique performance trade-off that imposes a per-
manent thermal penalty, potentially increasing the climate vulnerability of estuarine populations beyond current
ecological forecasts.

1. Introduction

Climate change is predicted to influence water temperature (Venegas
et al.,, 2023), salinity (Feist et al., 2025), and ocean acidification
(Garcia-Soto et al., 2021; Leung et al., 2022), with potential widespread
impacts on the distribution of aquatic organisms. Describing the physi-
ological factors that determine the tolerance of aquatic organisms to
shifts in these environmental conditions will help identify the ecological
implications of climate change.

One commonly examined quantitative metric of thermal tolerance in

aquatic organisms is critical thermal maxima (CTpa). A number of
environmental factors have been shown to influence thermal tolerance
in aquatic organisms (Ern et al., 2023), including temperature
(Sandersfeld et al., 2015, 2017; Stewart et al., 2023), photoperiod, daily
(Bulger and Tremaine, 1985) and seasonal rhythms (Hines et al., 2019),
oxygen availability (Andreassen et al., 2022), reproductive status
(Mugwanya et al., 2022), ontogeny (Dahlke et al., 2020), behavior
(Christensen et al., 2021; Kochhann et al., 2021), body size (Kraskura
et al., 2023) and salinity (Metzger et al., 2016; Comte and Olden,
2017; Shaughnessy and McCormick, 2018; Hines et al., 2019).
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Salinity is a major ecological barrier for fish, with the vast majority of
fish restricted to either freshwater (FW) or seawater (SW) and only
about 4% able to move between the two delimited environments
(Schultz and McCormick, 2012). Salinity change requires adaptive re-
sponses in osmoregulatory organs, including the gills, gut, and kidney,
in order to maintain internal osmoregulatory homeostasis (Marshall and
Grosell, 2006), and climate change is expected to significantly alter
salinity patterns in aquatic ecosystems. Moreover, increased sea level
rise will extend the reach of high saline waters throughout estuaries and
into FW systems, and melting glaciers and ice sheets will reduce overall
ocean salinity (Rothig et al., 2023).

Many studies have assessed the upper thermal tolerance in fishes.
However, these studies predominantly examine thermal tolerance of fish
under constant salinity conditions, whether it be FW (Barrionuevo and
Femandes, 1995; Elliott and Elliott, 1995; Currie et al., 1998;
Zaragoza et al., 2008; Zhang and Kieffer, 2014), or SW (Tsuchida, 1995;
Fangue et al., 2006; Murchie et al., 2011; Healy and Schulte, 2012a,
2012b; Madeira et al., 2013). Far fewer studies have examined the
thermal tolerance in fish during the process of salinity acclimation
(Metzger et al., 2016; Vargas-Chacoff et al., 2018;Shaughnessy and
McCormick, 2018; Hines et al., 2019; Hieu et al., 2021). Broadly,
there is little consensus on how salinity influences thermal limits: some
report clear effects (Chen and Chen, 1999; Jian et al., 2003; Sardella
et al., 2008; Sardella et al., 2008; Cheng et al., 2013; Metzger et al.,
2016; Shaughnessy and McCormick, 2018), whereas others find none
(Haney and Walsh, 2003; Denisse Re et al., 2006, 2012). Variation in the
impact of salinity on thermal tolerance between species may be ex-
pected, considering the wide range of physiological and behavioral re-
sponses of fishes to osmoregulatory and thermal stressors (Evans and
Kiiltz, 2020; Hall-Scharf et al., 2025; Monette et al., 2025). Some of
the observed variations may also arise from differences in experimental
approaches, including that many studies examine only fish fully accli-
mated to FW or SW, but do not examine changes in thermal tolerance
during transition between different salinities.

The mummichog (Fundulus heteroclitus) inhabits temperate tidal
marshes that are characterized by wide variations in salinity and tem-
perature. Its euryhaline and eurythermal characteristics have made it a
widely used model species for studies on both osmoregulation and
thermal tolerance. In this study we tested how salinity affects CTpax by
measuring a focused set of physiological variables expected to influence
osmotic balance and metabolic stress — plasma cortisol, osmolality,
chloride, glucose, lactate, triglycerides, hematocrit, gill Na™/K*-ATPase
(NKA) activity, and body mass. We measured CTpax in a time-course
during transfers between FW and SW (days 0, 1, 3, 6, 13) and sampled
the same physiological variables at the end of the CTpax exposure. Our
aim was twofold: (1) to describe how these parameters respond to
salinity change, and (2) to test which environmental or physiological
factors, or their interactions, explain variation in CTx.

2. Materials and methods
2.1. Experimental animals and holding conditions

A total of 362 mummichog (mass: 6.32 + 0.01 g) of mixed sex were
used in this study. Fish were collected from the marshes of Puerto Real
(Cadiz Bay, Spain) and transported to the University of Cadiz fish fa-
cility. For each salinity-transfer experiment (SW—FW and FW—-SW),
10-11 fish per treatment per day were sampled. At each time point (days
0, 1, 3, 6, and 13), fish were assigned to either T, controls or CTpax-
tested individuals, yielding 20-22 fish per salinity per day. To maintain
consistent handling and avoid overloading daily CTn,x testing, the two
salinity-transfer experiments were run on alternating schedules. In total,
this design produced 182 CTy,x trials and 180 control samples, corre-
sponding to all 362 fish. This population was first detected in the 1970's
on the Southwestern coast of Spain, assuming that due to an anthropo-
genic introduction, and is likely ancestrally related to populations in
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eastern North America (Bernardi et al., 1995; Morim et al., 2019). Prior
to experimentation, fish were held in two flow-through (~10 L min_l)
200 L tanks supplied with aeration, maintained at 18°C (T,¢.) and nat-
ural photoperiod (October to November; latitude 36° 31’ 34" N) with
either SW (38 ppt) or FW (<1 ppt; dechlorinated municipal water) for at
least 4 weeks. Fish were fed commercial aquaculture feed (1 mm, Gilt-
head Seabream Perla, Skretting, Spain) at 2% of body mass twice daily,
and feed was withheld for 24 h before sampling and CTy,,« testing. Water
changes of one-third of the tank volume were performed daily. No
notable mortality was recorded during either the acclimation phase or
the experimental procedure. All fish appeared in good health and
exhibited normal behavior throughout experimentation, except in the
final moments of CTpax testing, when the fish lost equilibrium.

2.2. Salinity acclimation trials

Prior to salinity change (day 0), fish had been held and long-term
acclimated to either SW or FW (hereafter acclimation experimental
tanks at Taee); on day O they were directly transferred to the opposite
salinity (SW—FW or FW—SW). To ensure that handling did not influ-
ence the analyses, control fish not subjected to a salinity switch were
net-transferred into a new acclimation experimental tank of identical
salinity. These handling controls were run in parallel with the trans-
ferred fish, and for every sampling day, salinity (FW and SW), and
condition (Taec and CTpay), each treatment had a matched control group
that experienced the same handling but remained in its original accli-
mated salinity. CTpax Was assessed and tissue sampling was performed
on days O (prior to salinity transfer, serving as baseline CTpax controls
for fully acclimated FW and SW fish), 1, 3, 6, and 13 post-transfer. On
each day, tissues were obtained from fish at Toe. and from fish imme-
diately upon losing equilibrium at CTpax-

2.3. CTgy trials

CTax trials took place in 6.7 L glass aquaria tanks (hereafter CTpax
tanks) with water conditions (i.e., salinity and temperature) identical to
salinity acclimation experimental tanks. Each CTy,,x tank was equipped
with two air stones to ensure proper circulation and aeration, main-
taining oxygen levels above 80% saturation. Prior to the CTp,y trials,
fish were netted from salinity acclimation experimental tanks to CTpax
trial tanks and allowed to acclimate for 1 h.

To assess the CTpax, heated water (50°C) from a header tank was
added to the center of the CTyax trial tanks at a flow rate of 50-100 mL
per minute to achieve the desired warming rate, using the same FW or
SW source of water as the corresponding treatment. At the beginning of
the CTpqx trial, temperature was progressively raised from 18°C (Tycc) at
a rate of 10°C per hour, until reaching 30°C within the first hour. Sub-
sequently, the rate of temperature increase was adjusted to 5°C per hour
for the remainder of the test. No more than a 0.1°C difference was
detected across CTpax trial tank replicates. Fish were continuously
monitored for signs of reaching their upper thermal limit, which was
defined as a rapid, erratic burst of swimming that fish display as they
approach their upper thermal limit (‘shooting’) lasting 3-5 s and/or the
loss of equilibrium (LOE) (Becker and Genoway, 1979). Preliminary
observations indicated that the shooting behavior was quickly followed
by LOE and death. In both endpoint scenarios, either shooting or LOE,
fish were no longer responsive to the presence of a net in the tank, and
CTmax Was not observed to be influenced by the behavior of other fish or
by the removal of fish within the tank; Immediately after reaching
CTmax, fish were transferred into anesthetic at the same temperature to
prevent recovery or further stress, and tissue samples were collected as
described in subsection 2.4.

2.4. Sampling protocol

At all sampling points, fish were sampled from salinity trial tanks just
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before CTpax tests were initiated and from CTp,x tanks immediately
after LOE. Fish were netted and euthanized with a high dose of 2-phe-
noxyethanol (1 mL L™} in water of their respective salinity), weighed,
and sampled for blood within 5 min of the initial removal from the tank.
Blood was collected from the caudal vessels into 0.5-mm heparinized
capillary tubes after the caudal peduncle was severed. The blood sam-
ples were then centrifuged at 4000 g for 3 min at 4°C, and hematocrit
values were immediately determined before centrifugation, using a
microhematocrit reader as the percentage of total blood volume. Plasma
was then snap-frozen in liquid nitrogen. The second-gill arch from each
side was excised, and a small portion consisting of a few gill filaments
was placed in 100 pL of ice-cold sucrose-EDTA-imidazole (SEI) buffer
(150 mM sucrose, 10 mM EDTA, 50 mM imidazole, pH 7.3) and frozen
for later analysis of ATPase activity. All other biological tissues (plasma
and gill) were immediately frozen and stored at —80°C until further
analysis.

2.5. Tissue analysis

All colorimetric endpoint and kinetic assays were run on an Auto-
mated Microplate Reader (PowerWave 340, BioTek Instrument Inc.,
Winooski, VT, USA) using KCjunior™ software. Cortisol levels were
analyzed using a commercial enzyme immunoassay kit (Arbor Assays,
Cortisol KO03-H5, Ann Arbor, MI, USA). Plasma metabolite concentra-
tions (glucose, lactate, and triglycerides) and chloride were determined
using commercial colorimetric kits from Spinreact (Barcelona, Spain;
Glucose-HK Ref. 1001200; Lactate Ref. 1001330; Triglycerides (TAG)
Ref. 1001311; and Chloride Ref. 1001360) with reactions adapted to 96-
well microplates. All standards were run in duplicate, while samples
were measured in single replicates due to limitations in plasma volume.
Osmolality was measured in 8 pL plasma samples using a Fiske One-Ten
vapor pressure osmometer (Fiske Associates, Advanced Instruments,
Norwood, MA, USA).

Gill NKA activity was analyzed using 96-well microplates run at 25°C
for 10 min, as described by McCormick (1993). In short, frozen tissues
were homogenized on ice in 150 pL of SEID (0.1% sodium deoxycholate
in SEI buffer, pH 7.3) and centrifuged at 3,200g for 5 min at 4°C. The
supernatant was assayed in duplicate for ATPase activity in the presence
and absence of the NKA-specific inhibitor ouabain (0.5 mM). The dif-
ference between the inhibited and uninhibited solutions was used to
calculate NKA-specific (ouabain-sensitive) and residual ATPase activity
(both expressed as pmol-ADP mg protein 1-h™1). Total protein was
measured to normalize ATPase activity across samples using the bicin-
choninic acid protein assay with bovine serum albumin standard
(Thermo Scientific, Rockford, IL, USA).

2.6. Statistical analysis

2.6.1. Dataset management and experimental design

A dual-modeling approach was employed to characterize the physi-
ological response. For traditional group comparisons (ANOVA), parallel
control groups were treated as independent temporal references for each
sampling point (Dataset Raw_Data file provided in the supplementary
files). In contrast, for systems-level analyses (AICc-based GLMs, Pearson
correlations and multiple linear regressions), these controls were pooled
and assigned to “Day 13" cohort. This categorization reflects their stable,
long-term acclimation status (13 days or > 4 weeks), fulfilling the
standard requirement for physiological stabilization in euryhaline spe-
cies (Marshall et al., 1999) and anchoring the models to a biologically
relevant acclimation plateau (Dataset AIC.CTmax, derived from the
Raw _Data file provided in the supplementary files).

2.6.2. Univariate and multivariate modeling

All statistical analyses were performed using GraphPad Prism
(version 10.4.1), and R (v.4.3.2) with statistical significance set at
P < 0.05. Shapiro-Wilk and Bartlett tests confirmed both normality and
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equal variance of the data. Outliers were identified and removed using
the ROUT method (Robust regression and Outlier removal, Q = 1%),
which applies robust nonlinear regression, tests residuals with a False
Discovery Rate approach, and then performs ordinary least-squares
regression on the remaining data; the coefficient Q defines the strin-
gency of detection, limiting the false discovery rate to approximately 1%
(Motulsky and Brown, 2006). If ANOVA requirements were not met, a
natural log, square root or exponential transformation was performed to
correct for homoscedasticity or non-normality among residuals (chlo-
ride, glucose, lactate, and TAG). Several transformations of cortisol data
and the use of ranks were unable to result in normality and equal vari-
ance. Thus, untransformed cortisol data were used in ANOVAs. When
two-way ANOVA (factors: salinity and time) yielded significant differ-
ences, Sidak's post hoc test was used to identify significantly different
groups. All figures depict untransformed data. Additionally, three-way
ANOVA analyses were conducted to support the evaluation of salinity
(S), time post-transference (t), and thermal stress (CTpax), as well as
their interactions (x) across all studied physiological parameters in
mummichog during either SW to FW (Supplementary Results SR1;
Supplementary Table S1) or FW to SW transition (Supplementary Re-
sults SR2; Supplementary Table S2).

To identify the primary drivers of thermal tolerance (CTpay), We
constructed Generalized Linear Models (GLMs) using a Gaussian distri-
bution and identity link function (Table 1 and Supplementary Table S3).
Predictors included salinity, acclimation day, and physiological pa-
rameters (excluding mass, see below), incorporating both additive (+)
and interactive (x) terms. Note that when variables are combined (+),
both are independent, but when they interact (x) they might modify
each other. Model selection was performed across 121 candidates using
the AICc via the AICcmodavg package in R Studio (Table 1). To ensure
uniformity across experimental cohorts, body mass was evaluated using
a two-way ANOVA (factors: salinity and time). Upon detecting signifi-
cant interaction between factors (F3172 = 18.31, P < 0.0001), that
indicated a size bias across treatments, body mass was included as a
covariate in the top candidate model set. Specifically, the best-fitting
model (Salinity x Day + Mass) was utilized for frequentist inference
via a Type II Analysis of Covariance (ANCOVA). This approach
(implemented via the drop1 function in R) allowed us to isolate the true
physiological effect of salinity and time while mathematically stan-
dardizing for the influence of body mass (Significance was set P < 0.05).
Subsequent model selection via Second-order Akaike Information Cri-
terion (AICc) confirmed that including mass as a covariate, alongside the
Salinity x Day interaction, provided the most parsimonious explanation
of individual observed thermal tolerance across salinities (Table 2).
Following the framework of Burnham and Anderson (2002), AICc was
employed instead of Akaike Information Criterion (AIC) because our
sample-size-to-parameter ratio was below the recommended threshold
for large-sample approximations (n/K > 40 vs. n/K = 27.6, in our case of
study n = 138 and K = 5), thereby providing a necessary and rigorous
bias correction against over-parameterization.

This set of multivariate analysis was conducted for hypothesis gen-
eration, exploration comparison, and subsequent AICc-based model se-
lection (Table 1; Table 2). The model selection results provided
overwhelming support for the Salinity x Day interaction as the primary
driver CTmax, which outperformed the next best candidate model by a
AICc of 343.05 (AICcWt = 99.99%). Although minor deviations from
normality and homocedasticity were observed in the final GLM, the
Gaussian framework was maintained given the robust sample size
(n = 138) and the stability of parameter estimates under the Central
Limit Theorem (Kwak and Kim, 2017).

To identify coordinated physiological responses, Pearson correlation
matrices and heatmaps were generated separately for the SW-to-FW
(Fig. 4A) and FW-to-SW (Fig. 4B) direct transference (corrplot in R).
Additionally pairwise Pearson correlation coefficients (r) were calcu-
lated separately for FW and SW groups using pairwise complete obser-
vations. Statistical significance of each r was assessed with a two-tailed t-
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Table 1

Second-order Akaike Information Criterion (AICc) results of individual physiological parameters of mummichog sampled at CTy,.y after direct transfer from either SW
to FW, or SW to FW, to predict observed individual CTy,,y. In this system-level analysis, fish acclimated to their native salinity for >4 weeks were integrated into the
Day 13 cohort to represent the stable physiological plateau reached at the conclusion of the acclimation trajectory (AIC.CTmax file provided in the supplementary
files).

Predictors K AICc AAICc AICcWt Cum.Wt LL R?

Sal x Day 5 343.05 0.00 99.99 99.99 —166.29 0.599
Sal + Lac 4 369.50 26.44 0.00 99.99 —180.59 0.507
Sal x Lac 5 371.51 28.45 0.00 100.00 —180.52 0.507
Cl + Lac 4 396.77 53.71 0.00 100.00 —194.23 0.399
Cl x Lac 5 396.93 53.88 0.00 100.00 —193.24 0.408

Columns are defined as follows: K, number of parameters in the model; AICc, model score where lower values indicate a better fit; AAICc, difference in AICc score from
best fitting-model in the set; AICcWt, probability that a specific model is the most parsimonious in the candidate set; CumWt, cumulative AICcWt represents the
probability that a specific model is the most parsimonious among the set of models tested; LL, Log-likelihood, a measure of how well the model parameters explain the
observed data; and R?, a measure of the proportion of the total variation in the dependent variable (j ., CTmayx) that is explained by the independent variables included
in that specific model. Abbreviations: Sal: salinity; Day: acclimation day; Lac: plasma lactate; Cl: chloride; (+): combinations; and (x): interactions.

Table 2

Analysis of Covariance (ANCOVA) of the effects of salinity and acclimation day
on the critical thermal maximum CTyax of mummichog, with body mass
included as a covariate. The row labeled “Mass + Sal x Day” represents the
complete model and serves as the reference for model comparisons.

W SW-CTpa
@ FW-CTay

Model Df Sum of RSS AlCc

Sq
Mass + NA NA
Sal x
Day
Mass 1 5.010 112.074
Sal 1 5.233 112.298
Day 3 4.429 111.493
Sal x Day 3 45.556 152.621

Fvalue Pr(<F)

107.065 —75.514 NA NA

—69.283  8.001 0.005**
—68.924  8.359 0.004**
-74.218  2.358 0.073

—17.700  24.253  3.98x1013¥*x

34- SW (CT) to FW
1 1

Columns are defined as follows: Df (Degrees of Freedom) indicates the number of
independent values used in the calculation; Sum of Sq (Sum of Squares) repre-
sents the marginal variation attributed to each specific term; RSS (Residual Sum
of Squares) and AICc (Second-order Akaike Information Criterion) indicate the
model's fit and parsimony if that specific term were removed; the F-value is the
test statistic for the effect; and Pr(>F) is the associated P-value **P < 0.01;
#***p < (0.0001); NA: Not applicable. Further details are in legend footnote
Table 1.

-@- FW-CTyax

test (t = rvn— 2/v1 —r2, with n — 2 degrees of freedom) testing Hy: p
= 0 and indicated on the matrix with asterisks (*P < 0.05, **P < 0.01,
**%p < 0.001). Cell color reflects the continuous magnitude and direc-
tion of r, ranging from blue (r = —1) through white (r = 0) to red (r = 1).

Critical thermal maximum (°C) Critical thermal maximum (°C)

3. Results
3.1. CTpey during salinity acclimation
max 34- FW (CT) to SW
During FW acclimation, CTp,ax in SW controls remained stable at T T T 1
37.6°C (pooled average) throughout the experiment (Fig. 1A). In the FW 0 1 3 6 13

(salinity transferred) fish, CTp,ox gradually and significantly decreased
throughout the experiment, reaching approximately 36°C (Fig. 1A).
During SW acclimation, CTp,ax in FW controls remained stable at 34.9°C
(pooled average) (Fig. 1B), while in the SW (salinity transferred) fish,
CTmax gradually and significantly increased throughout the experiment,

Days after direct transfer

Fig. 1. Critical thermal maximum (CTpay, °C) in mummichog during either SW
to FW (A) or FW to SW (B) transition at 0, 1, 3, 6, and 13 days post-direct
transfer. Data are presented as mean + SEM (n = 10-11 per salinity and

stabilizing at approximately 36.9°C (Fig. 1B). In both experiments,
CTnax was significantly affected by salinity, time, and their interaction
(two-way ANOVA) and differences in CTpax between salinities were
detected at every time point after salinity transfer (Sidak's post hoc
analysis).

3.2. Physiological responses during salinity acclimation and at CTpax

In samples taken from fish at T,.. during FW acclimation, plasma
osmolality and chloride levels did not differ between FW (transferred)

day); *significant difference between salinity at respective time points (two-
way ANOVA, Sidak's post hoc). *P < 0.05; **P < 0.01; ***P < 0.001;
wxxxp < (0.0001. Further statistical information is in Supplementary Tables 1
and 2 (three-way ANOVAs).

and SW (control) groups (Fig. 2A-B). However, plasma cortisol was
significantly elevated in FW-transferred fish on day 3 and significantly
reduced on day 13 compared to SW controls (Fig. 2C). On day 13, lower
gill NKA activity was also observed in SW fish than FW (Fig. 2D). In
samples taken from fish at Ty, during SW acclimation, no differences in
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SW to FW FW to SW
SW (CT) FW (CT)
- SW-Taee -0 FW-Te
o =Q- FW‘Tacc — * '.' SW'Tacc
S0 A W SW-CTu 200 E ¥ -@- FW-CTpa
= 1 -@: FW-CTyu 1 =z 4B SW-CTnu §
? J‘:“ 450 x
S g ]
g = 400+
88 .1
o i
§, 350
300- 300-
L) 1 1 1 I I 1 1 I
01 3 6 13 01 3 6 13
250 250
B F
s x
é 200+ 200+ x
()] i : * *
2 | 1 X b ¥
5 = * =
v 150
o -
100-
1500 1500

Cortisol (ng mL™")

NKA activity (umol ADP
mg protein™ h'1)

T T T T T
3 6 13 01 3 6 13

Days after direct transfer

Fig. 2. Osmoregulatory responses in mummichog during either SW to FW (A-D) or FW to SW (E-H) transition at 0, 1, 3, 6, and 13 days post-direct transfer. All values
are for plasma, except for NKA activity (from gill). Black asterisks* indicate significant differences between T, salinities for a given time point. Red asterisks*
indicate significant differences between CTy, salinities for a given time point. Further details are in legend Fig. 1.
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plasma osmolality were detected between SW (transferred) and FW
(control) groups (Fig. 2E), although a significant transient increase in
plasma chloride in SW (transferred) fish was observed on day 1 (Fig. 2F).
Plasma cortisol showed a significant transient decrease in the SW-
transferred group relative to FW controls (Fig. 2G), while no differ-
ences in gill NKA activity were detected between salinity groups
(Fig. 2H).

In samples taken from fish at CTp,ax during salinity acclimation trials,
salinity-dependent changes in physiological parameters were much
more pronounced. During FW acclimation, FW fish at CTp,,x exhibited
reduced plasma osmolality and chloride levels (compared to the SW
controls) at days 1 and 3 post-transfer (Fig. 2A-B). However, during SW
acclimation, SW fish at CTp,ax exhibited elevated plasma osmolality and
chloride (compared to the FW controls) at all days post-transfer
(Fig. 2E-F). Generally, regardless of salinity, cortisol was significantly
elevated in fish at CTp,ax and not different between salinities (Fig. 2C-G).
Exposure to CTp.x had no observable effect on gill NKA activity
(Fig. 2D-H).

In samples taken at T, during salinity-acclimation trials we
observed significant differences in hematocrit, plasma glucose, lactate,
or triglycerides levels between salinity-transferred and control fish
(Fig. 3A-H). During the SW-to-FW transfer, hematocrit was elevated on
day 3, and plasma glucose and lactate were increased on day 1 in FW-
transferred fish (Fig. 3A-C). On the other hand, during the FW-to-SW
transfer, plasma glucose increased on day 1 (Fig. 3F) and triglycerides
increased on day 13 in SW-transferred fish (Fig. 3H). At CTpax, hemat-
ocrit, plasma glucose, and lactate were significantly elevated in all fish
regardless of salinity (Fig. 3A-C, E-G). However, SW-transferred fish
exhibited significantly lower plasma triglycerides on day 3 post-transfer
compared with FW controls (Fig. 3H).

3.3. Multivariate drivers and physiological correlates of CTpax

To elucidate the underlying architecture of thermal tolerance in
Fundulus heteroclitus, we utilized a multi-stage systems analysis, begin-
ning with model selection via the Second-order Akaike Information
Criterion (AICc) to identify the primary environmental and physiolog-
ical drivers of CTpay. This broad-scale modeling approach was subse-
quently refined through Pearson correlation clusters and multiple
targeted regression analyses to pinpoint the specific physiological bot-
tlenecks that could define the upper thermal limit in FW versus SW
environments.

Model selection via AICc identified the interaction between salinity
and acclimation day (Salinity x Day) as the primary driver of thermal
tolerance, providing a vastly superior fit AICc = 343.05) and explaining
59.9% of the observed variance in individual thermal tolerance
(R? = 0.599) compared to models relying on body mass alone (Table 1).
Initial assessment of fish body mass revealed that size was not uniform
across all experimental groups, with a significant interaction detected
between salinity and acclimation day (Two-way ANOVA; F3 172 = 18.31,
p < 0.0001). This indicated that sampling cohorts were biased by fish
size over the course of the experiments. To account for this and isolate
the true physiological effect of the treatments, body mass was included
as a covariate in a Type IIl ANCOVA. This analysis confirmed that while
mass was a significant covariate (F;;12 = 8.00, p = 0.005), the inter-
action between salinity and acclimation day remained highly significant
(F3,152 = 24.25, p < 0.0001; Table 2). Moreover, ANCOVA confirmed
that Salinity x Day model was highly significant (Fsi13s = 24.25,
p = 3.98x107'%), a result that remained robust after accounting for the
significant influence of body mass (p = 0.005). The essential role of this
interaction was further underscored by a marked increase in AICc (from
—75.51 to —17.70) upon its removal from the full model (i.e., Mass + Sal
x day). These combined information-theoretic and frequentist analyses
demonstrate that the divergent thermal trajectories—a decline in CTpax
for FW and an increase for SW—are a fundamental physiological
response to salinity and not an artifact of cohort size differences.
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Systems-level analysis via Pearson correlation matrices and heat-
maps (Fig. 4) revealed that the physiological architecture of thermal
tolerance diverged significantly between salinity treatments. Note that
body mass was excluded from this analysis since sampling cohorts were
biased by fish size over the course of the experiment as previously
mentioned. In both environments, acclimation time was a primary
driver of physiological responses, although its relationship with thermal
tolerance differed markedly between salinities. CTp,x declined strongly
with time in FW (r = —0.73; Fig. 4A) but increased in SW (r = 0.54;
Fig. 4B), indicating opposite acclimatory trajectories depending on os-
motic environment. A similar reversal was observed for residual ATPase
activity (Res), which increased over time in FW (r with day = 0.58;
Fig. 4A) but decreased in SW (r = —0.37; Fig. 4B), consistent with a
higher energetic burden during FW acclimation and a progressive sta-
bilization in SW.

In FW (Fig. 4A), thermal tolerance appeared primarily constrained
by ionic regulation and energetic costs. Plasma chloride declined
moderately with acclimation time (r = —0.38), while Res increased
strongly, suggesting that maintaining ion balance in low salinity
imposed increasing metabolic demand. Accordingly, CTnax Was posi-
tively associated with plasma chloride (Cl; r = 0.42) and negatively
associated with Res (r = —0.41). In contrast, these ionic relationships
weakened in SW (Fig. 4B), where CTp,x showed only a weak association
with chloride (r = 0.19). Instead, thermal performance in SW was more
closely linked to metabolic and osmotic state, with CTpx positively
correlated with lactate (Lact; r = 0.62), glucose (Gluc; r = 0.31), cortisol
(F; r = 0.32), and osmolality (Osm; r = 0.23).

Several relationships were conserved across salinities. Lactate was
positively correlated with CTyay in both FW (r = 0.43; Fig. 4A) and SW
(r = 0.62; Fig. 4B), suggesting that anaerobic metabolic capacity con-
tributes to thermal tolerance regardless of osmotic environment. Simi-
larly, the relationships between triglycerides and Res, as well as chloride
and Res, were maintained across both treatments. However, other as-
sociations were salinity specific. In FW, cortisol and hematocrit covaried
strongly (r = 0.50; Fig. 4A). FW fish also exhibited multiple significant
day-dependent relationships involving chloride, lactate, NKA, and tri-
glycerides. By contrast, SW fish showed stronger integration between
CTmax and osmotic/metabolic indicators.

To reduce collinearity in subsequent multiple linear regressions and
retain independent mechanistic predictors, several highly redundant
variable pairs were excluded. Osmolality and chloride were strongly
correlated, particularly in SW (r = 0.73; FW = 0.56). Likewise, NKA and
residual ATPase activity showed strong redundancy in both groups
(SW = 0.78; FW = 0.72). Lactate and glucose were also moderately but
consistently correlated in both salinities (r ~ 0.54), supporting the use of
lactate as the principal proxy for anaerobic metabolic scope. The final
analysis therefore focused on four non-collinear axes associated with
thermal tolerance: acclimation time/salinity, ionic stability (Cl), meta-
bolic state (Lac), and energetic overhead (Res).

4. Discussion

The present study aimed to provide insights into the interaction of
environmental temperature and salinity on the physiology of mummi-
chog (F. heteroclitus), an eurythermal and euryhaline model fish species,
throughout convergent statistical approaches. Both univariate analyses
(Two-way ANOVA) and multivariate modeling (AICc-based selection
and Type III ANCOVA) consistently demonstrated that the interaction
between salinity and acclimation duration is the primary determinant of
thermal tolerance. Our findings demonstrate that fish acclimated to SW
exhibited up to 2.7°C higher (pooled averages) CTpax compared to those
acclimated to FW. Earhart et al. (2024) found no CT.x difference be-
tween 3 and 20 ppt, our use of 38 ppt aligns with their reported CTp,x of
~37.5°C, supporting the hypothesis that the observed divergence is
driven by the physiological costs of ion-poor environments (FW)
reducing thermal limits rather than SW increasing them above a typical
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Fig. 3. Metabolic-stress responses in mummichog during either SW to FW (A-D) or FW to SW (E-H) transitions and after exposure to critical thermal maximum
testing (CTmax) at 0, 1, 3, 6, and 13 days post-direct transfer. All values are for plasma, except for hematocrit (whole blood). Further details are in legends of Figs. 1

and 2.
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Fig. 4. Correlation matrix of candidate physiological drivers of thermal tolerance in either SW to FW (A) or FW to SW (B) transitions and after exposure to critical
thermal maximum testing (CTy,y)- In this system-level analysis, fish acclimated to their original salinity for >4 weeks were integrated into the Day 13 cohort to
represent the stable physiological plateau reached at the conclusion of the acclimation trajectory (AIC.CTmax file provided in the supplementary files). Colors and
values represent Pearson's coefficients (r). Abbreviations: CTmax: Critical thermal tolerance; Sal: Salinity; Cl: chloride; Lac: lactate; Res: residual-ATPase ouabain
insensitive; Day: experimental day; F: cortisol; Osm: osmolality; Glc: glucose; Tag: triglycerides; Nka: Na*/K*-ATPase; Hect: hematocrit. Cell color represented the
magnitude and direction of correlations, ranging from blue (r = —1) through white (r = 0) to red (r = 1). Significance levels were indicated with asterisks (*P < 0.05,

**Pp < 0.01, ***P < 0.001).

baseline.

Initial exploration identified body mass as a significant covariate,
subsequent ANCOVA and AICc selection confirmed that the
Salinity x Day interaction remained the overwhelming dominant pre-
dictor (AICc of 343.05; AICcWt = 99.99%) that explained ~60% of the
observed variability in CTmpax (R%® = 0.599). This ensures that the
divergent thermal trajectories—a decline in CTmax for FW and an in-
crease for SW—represent a fundamental physiological response to os-
motic challenge rather than an artifact of cohort size differences.
Although our study fails on addressing influence of Size-Dependent
Thermal Tolerance (SDTT), the relationship between fish size and
CTmax remains unresolved in fishes, with studies reporting positive,
neutral, or negative associations depending on species and experimental
context (Gomez Isaza and Rodgers, 2024). Body size may nevertheless
influence other physiological boundaries relevant to thermal perfor-
mance. Larger individuals often exhibit greater osmoregulatory capacity
during salinity transitions, whereas smaller fish may respond more
rapidly to acute osmotic stress (Parry, 1958; McCormick and Naiman,
1984; Bjerknes et al., 1992; Allen et al., 2011; Styga et al., 2019).
Similarly, larger-bodied fish can become more vulnerable under com-
bined warming and hypoxic conditions due to higher metabolic demand
(Verberk et al., 2022; Deutsch et al., 2022; Hvas et al., 2025). These
interactions suggest that body size may indirectly influence thermal
tolerance through its effects on ionoregulatory and metabolic perfor-
mance, highlighting the need for further investigation of size-dependent
responses across fluctuating osmotic environments and different taxa.

The contrasting CTpx responses between salinities were

accompanied by distinct physiological constraints. By removing redun-
dant variables, our system-level analysis using Pearson correlation
matrices for each salinity identified four non-collinear correlates of
thermal tolerance: the salinity—acclimation time axis, ionic stability
(plasma chloride, Cl™), metabolic state (plasma lactate, Lac), and ener-
getic overhead (ouabain-insensitive residual gill ATPase activity, Res).
In FW, thermal tolerance was primarily associated with the interaction
between ionic stability and energetic demand, reflected by the stronger
inverse relationship between Cl and Res (r = —0.45; Fig. 4A). This
pattern suggests that maintaining ion balance in low salinity imposes a
substantial energetic cost that reduces thermal tolerance. In contrast,
this relationship weakened in SW, where CTp,.x was more strongly
associated with metabolic indicators, particularly lactate (r = 0.62;
Fig. 4B). Together, these results indicate that FW fish may reach thermal
limits under increasing ionoregulatory stress, whereas SW fish maintain
greater ionic stability and are instead constrained by metabolic and
anaerobic capacity at high temperatures.

Previous studies in the stenohaline marine fish Gilthead seabream
(Sparus auratus), 35-day acclimation to different salinities and temper-
atures showed that the interaction between salinity and temperature
elicits distinct physiological responses: gill Na'/K'-ATPase is upregu-
lated under hyperosmotic and elevated thermal conditions to preserve
ionic homeostasis, whereas renal Na'/K'-ATPase capacity remains
salinity-invariant but increases with temperature; concomitantly, he-
patic metabolic pathways are reorganized in response to combined
salinity-temperature stress. Extreme salinity exposure induces cortisol
elevations indicative of chronic stress, yet lower temperatures attenuate
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the energetic costs of osmoregulation, highlighting that osmoregulatory
energy demand is modulated by thermal context (Vargas-Chacoff et al.,
2009, 2020). In our study, fish sampled at T, levels of gill NKA activity
were generally high in both FW and SW and did not show a
salinity-dependent response in either salinity transfer experiment. Our
observations of only minor changes in physiological indicators of
osmoregulatory or general stress during salinity acclimation are
consistent with the reported highly euryhaline nature of mummichog
(Wood and Marshall, 1994). This reflects previous findings of a rela-
tively small influence of salinity on gill NKA activity in mummichog,
which may relate to their preferred intertidal marsh which has large
tidal-driven fluctuations in salinity (Marshall et al., 1999) although the
existence of rapid changes in gill NKA activity, not detected in the study
due to not using proper timing, cannot be ruled out (Mancera and
McCormick, 2000).

While the initial decline in CTpax within FW-acclimated cohorts
aligns with a critical window of acute ionoregulatory vulnerability (days
1-3; Fig. 2A and B), the failure of thermal tolerance to recover by day
13—despite the restoration of apparent ionic stability—suggests a
fundamental shift in the fish's physiological steady-state. Our multi-
variate analysis provides a likely explanation of this permanent thermal
penalty: as plasma chloride levels stabilize in FW (from day 6 onwards;
Fig. 2A and B), mummichogs transition toward a heavy reliance on
ouabain-insensitive insensitive or residual ATPase activity occurred
(r = 0.58 with acclimation time; Fig. 4A). This upregulation is a
recognized compensatory strategy for active ion uptake in ion-poor
environments, where fish often shift their enzymatic reliance from
ouabain-sensitive Na'/K"-ATPase to alternative ATPase to maintain
homeostasis against steep osmotic gradients (Pfeiler and Kirschner,
1972; Ventrella et al.,, 1992; Mayer-Gostan and Naon, 1992; Evans
et al., 2005). Additionally, FW fish exhibited multiple significant
day-dependent relationships involving chloride, lactate, NKA, and tri-
glycerides, indicating a broader, highly dynamic physiological reorga-
nization through time.

As suggested by Monette et al. (2025), warm-temperature acclima-
tion can impair  hyper-osmoregulatory = performance in
killifish—specifically freshwater (FW) ionoregulation—by down-
regulating ncc2, the primary passive transporter for FW NaCl uptake.
Reduced NCC2 capacity at elevated temperatures likely weakens active
ion uptake, forcing fish to rely on auxiliary, metabolically costly path-
ways to counter passive ion loss. In our study, during the SW-to-FW
transition, the inverse relationship between chloride and residual
ATPase activity was stronger (r = —0.45; Fig. 4A) than during FW-to-SW
acclimation (r = —0.22; Fig. 4B), indicating that FW ionoregulatory
maintenance imposes a more direct energetic constraint. The weaker
association in SW suggests greater metabolic flexibility under hyper-
osmotic conditions. In contrast, SW-acclimated fish showed stronger
integration between CTp.x and osmotic/metabolic indicators (plasma
osmolality, glucose, cortisol), consistent with a more stable ionic envi-
ronment in which ionic markers become largely decoupled from upper
thermal limits (r = 0.19 for Cl-CT,ay). Conversely, FW-acclimated fish
experience a sustained energetic overhead (Res—CTpax; r = —0.41) that
directly depresses thermal performance. This hypoosmotic challenge is
further reflected in a strong cortisol-hematocrit covariation (r = 0.50;
Fig. 4A), suggesting a stress-linked erythropoietic response unique to FW
acclimation. Together, these patterns indicate that chronic
hyper-osmoregulatory costs limit thermal performance, producing a
lower thermal plateau and preventing CTn,x recovery even after
apparent osmotic balance is restored. This aligns with observations in
other euryhaline species, which exhibit narrower thermal ranges in
non-natal osmotic regimes. Overall, warm temperatures reduce the ef-
ficiency of FW ionoregulatory mechanisms, and the combined demands
of ionoregulation and heat impose a sustained energetic burden,
particularly for non-FW-native species (Nakamura et al., 2020).

During the FW-to-SW transfer, plasma osmolality and chloride
increased significantly at CTx by day 1 and remained elevated through
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day 13 (Fig. 2E and F). This persistent elevation, occurring alongside a
progressive rise in CTpax (r = 0.54; Fig. 4B), indicates that long-term
SW-acclimated mummichogs cope more effectively with concurrent
thermal and osmotic stress than recently transferred fish. Our Pearson
correlation analysis shows that this thermal improvement is supported
by a distinct physiological architecture in which ionic markers decouple
from upper thermal limits (r = 0.19 for Cl-CTp,x). Instead of being
constrained by ionoregulatory demands, thermal performance in SW
becomes more tightly linked to metabolic and stress indicators, showing
positive correlations with lactate (r = 0.62), glucose (r = 0.31), and
cortisol (r = 0.32). This transition is accompanied by a decline in
metabolic overhead, reflected in decreasing residual ATPase activity
(r = —0.37 with day; Fig. 4B) and a weaker Cl-Res association
(r = —0.22). This coordinated response suggests enhanced metabolic
flexibility under hyperosmotic conditions, enabling SW fish to stabilize
physiologically and progressively expand their thermal tolerance.

While previous literature often emphasizes cellular stress proteins
such as heat shock proteins (Dubeau et al., 1998;Todgham et al., 2005;
Metzger et al., 2016), our data suggests that at the whole-organism level,
the individual's ability to manage this metabolic load and maintain os-
motic integrity may define the functional limits. Although this could
suggest heightened vulnerability of intertidal mummichogs to thermal
stress, natural daily salinity fluctuations may also train these fish
through repeated mild osmotic challenges, enhancing their osmoregu-
latory flexibility (Moorman et al., 2015)—a phenomenon similarly
observed in thermally fluctuating environments compared with constant
laboratory temperatures (Monette et al., 2025). Our direct-transfer
protocol—abruptly shifting fish between FW and SW without gradual
salinity adjustment—fails to mimic this conditioning and may therefore
overestimate thermal susceptibility in wild populations. Such acquired
resilience reflects physiological plasticity, whereby prior exposure to
variable salinities enhances tolerance to subsequent stressors, suggest-
ing that naturally “intertidal-trained” mummichogs may better with-
stand abrupt environmental changes than our protocol implies (Schreck
and Tort, 2016). Overall, the influence of salinity transfer on physio-
logical indicators of metabolic stress was minor compared to the robust
response of these physiological parameters to elevated temperature. The
massive increases in plasma cortisol, glucose, and lactate following
exposure to elevated temperature are consistent with an activation of
the primary and secondary stress responses, which have been observed
in several fish species (Wendelaar Bonga, 1997; Mommsen et al., 1999;
Ernetal., 2023). However, our findings suggest that while the endocrine
response is universal, the ultimate bottleneck defining the thermal limit
is environment-specific, shifting from ionic stability in FW to metabolic
scope in SW. Nevertheless, it is important to acknowledge that some of
the physiological changes observed at CT,x may not be causal de-
terminants of thermal tolerance but rather consequences of the CTpax
test itself. Because individuals with higher CTyax experience higher
temperatures for longer durations, elevated lactate, glucose, or cortisol
may partly reflect the acute metabolic and endocrine demands of the
heating protocol rather than pre-existing differences that set the thermal
limit. This possibility does not negate the environment-specific patterns
we report, but it highlights the need for caution when interpreting
end-point physiological measurements as mechanistic drivers of CTpax
rather than as integrated responses to extreme thermal exposure.

Fry and Hart (1948) initially described the relationship between
aerobic scope and temperature, observing that standard metabolic rate
increases with temperature until maximum oxygen uptake plateaus or
declines. This formed the basis for the oxygen- and capacity-limited
thermal tolerance (OCLTT) hypothesis, which suggests that CTp,yx is
determined by the cardiorespiratory system's inability to meet tissue O
demand at elevated temperatures (Portner, 2014; Portner et al., 2017).
In mummichog, the reduction in thermal tolerance following FW
exposure likely stems from impaired branchial oxygen uptake or de-
livery. Specifically, FW acclimation in this species reduces hypoxia
tolerance, a shift associated with structural gill remodeling: reduced
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lamellar surface area, thickened epithelia, and increased interlamellar
cell mass (ILCM), all of which increase water—blood diffusion distance
(Giacomin et al., 2019). Crucially, these tissue-level morphological
changes (i.e., ILCM) should be distinguished from the functional cellular
remodeling of the gill epithelium. While FW acclimation involves a
transformation from a salt-secreting surface in SW to a salt-absorbing
surface in FW—requiring extensive remodeling of ionocytes and
ion-transport pathways (Zimmer and Perry, 2022; Inokuchi et al.,
2022)—it is currently unclear if ionocyte proliferation directly con-
tributes to the development of ILCM. In mummichog, Giacomin et al.
(2019) did not provide evidence that ionocytes were the specific cell
types responsible for these morphological differences. Therefore, any
causal link between ionocyte remodeling and physical lamellar
obstruction remains hypothetical.

Freshwater teleosts rely on the active uptake of Na™ and Cl1~ by gill is
critical to the survival of all fish in FW, carried out by specialized ion-
ocytes on the gill surface, which are upregulated under ion-poor or low-
Na'/Cl™ conditions (Evans et al., 2005; Dymowska et al., 2012). Inter-
estingly, and unlike many other teleosts, Fundulus heteroclitus, Anguilla
spp., and Lepomis macrochirus do not actively uptake Cl™ at the gills in
FW—a trait attributed to the absence of typical FW chloride cells (Hyde
and Perry, 1987; Laurent et al., 2006; Evans, 2011)—yet these species
can tolerate rapid osmotic transitions. At the molecular level, mummi-
chog expresses ncc2 mRNA in a pattern consistent with the classic FW
ion-uptake model, but under a scenario where branchial Cl~ uptake is
not observed the ultimate fate of C1~ that would be cotransported with
Na™ by NCC2 remains unclear (Breves et al., 2020). Concurrent
expression of nkccl and cftr further indicates that SW-type ionocytes are
maintained in a “ready state” even when mummichogs inhabit FW
(Karnaky, 1986; Breves et al., 2020). This maintenance of SW-type
ionocytes may provide a mechanistic basis for why CTp,.x measured in
SW appears largely independent of the duration of FW acclimation: the
ionocyte complement required for SW function is already present and
can be rapidly mobilized upon transfer to SW. In contrast, the overall
respiratory capacity in FW may be hindered by the aforementioned
morphological changes (e.g., ILCM and thickened epithelium). This
represents a classic osmorespiratory compromise as previously
explained. The structural barriers (ILCM and thickened epithelia)
formed to minimize diffusive ion loss in FW simultaneously restrict
oxygen uptake during the high-demand conditions of a thermal ramp.
This physical restructuring, combined with the metabolic costs of ion-
ocyte activation, may impair oxygen delivery—via altered cardiac per-
formance or reduced peripheral O off-loading—thereby lowering
thermal tolerance (Wood et al., 2019; Morgenroth et al., 2019, 2022;
Ruhr et al., 2020). Further work should examine how FW exposure alters
gill oxygen uptake, cardiac function, and tissue oxygenation in
mummichog, and should also investigate alternative mechanisms of C1~
uptake, particularly given the unexpected increase in plasma Cl~ from
day 6 onwards in FW acclimated fish following CTpy trial (Fig. 2B).
Such studies would help clarify whether mummichog employ
non-classical or compensatory Cl™ transport pathways under FW and
heat stress conditions.

4.1. Conclusion

While euryhaline species comprise only 4% of known fishes, they are
ecological keys in the world's most dynamic aquatic environments (i.e.,
estuaries, coastal lagoons, mangrove habitats and tidal marshes). Our
findings demonstrate that for one of these model species (F. Heteroclitus),
critical thermal maximum (CTp,qay) is not a fixed physiological trait, but a
dynamic state governed by the interaction of salinity and acclimation
time. Specifically, in the mummichog, the transition to FW imposes a
thermal tax that significantly reduces heat tolerance immediately.
Recent global analyses suggest that FW-specialist fishes exhibit greater
thermal tolerance and plasticity than marine species (Verberk et al.,
2026); however, our study highlights a key limitation of such
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generalizations for euryhaline models. Although these fish occupy
thermally variable environments, their capacity to acclimate to elevated
temperatures is strongly modulated by osmotic context with mummi-
chog at low salinities (0-3 ppt) failing to achieve the higher thermal
tolerance observed under SW conditions. Together, these findings
emphasize the need to prioritize habitat-specific stressors over broad
latitudinal patterns when predicting climate vulnerability, linking
thermal limits directly to environmentally fluctuating salinities.
Consequently, current ecological forecasts likely underestimate risk to
these types of fish populations, since low salinity may create a lethal
physiological bottleneck. Incorporating salinity as a primary co-stressor
in ecological models is therefore essential; only by moving beyond
single-stressor paradigms can we accurately assess the resilience of
estuarine ecosystems in an increasingly warm and salinity-variable
scenario.
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