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ABSTRACT

Sex-specific variation can critically shape species’ physiological responses to environmental change, with potentially strong im-
plications during reproduction. Yet this source of variation is often overlooked. To help address this paucity, we investigated
fitness and whole-organism traits and metabolomic profiles to elevated temperature in males and females of Gammarus locusta,
a keystone intertidal amphipod inhabiting thermally dynamic coastal environments. Individuals were gradually acclimated to
four ecologically relevant temperatures (16°C, 21°C, 26°C and 31°C) and maintained at these conditions for 21 d under controlled
laboratory settings. Survival declined at 26°C and 31°C in both sexes, and females exhibited consistently higher upper thermal
limits, broader thermal safety margins, but lower thermal acclimation capacity compared to males. Whilst reproductive output
was lower in elevated temperatures (26°C and 31°C), juveniles’ body length increased, indicating a “quality-over-quantity” repro-
duction strategy. At the metabolomic level, females exhibited greater plasticity, with enhanced pathways linked to energy metab-
olism, amino acid biosynthesis, and cellular stress defence, suggesting adaptive activation rather than heightened vulnerability,
consistent with their higher thermal tolerance and survival. Elevated temperatures also impaired amphipods' energetic status,
with both glucose and ATP:ADP ratio decreasing, particularly at 31°C. Overall, we show that sex-specific metabolomic strategies
define different sex thermal tolerance levels in G. locusta. As ocean warming intensifies, males' greater vulnerability could skew
population sex ratios toward females. This imbalance may limit mating opportunities and alter population operational sex ratio
and therefore dynamics, if the number of males is insufficient to fertilise all females. Our study highlights the importance of con-
sidering sex-specific physiological responses by integrating them with life-history and fitness measures to build a mechanistic
understanding of how thermal stress may shape reproductive dynamics and, ultimately, affect population viability. By linking
cellular metabolism with organismal fitness, we provide the cross-scale insight needed to more accurately forecast marine in-
vertebrates' responses to global change.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2026 The Author(s). Global Change Biology published by John Wiley & Sons Ltd.

Global Change Biology, 2026; 32:€70950 1 0of 20
https://doi.org/10.1111/gcb.70950


https://doi.org/10.1111/gcb.70950
https://doi.org/10.1111/gcb.70950
https://orcid.org/0000-0001-6767-4737
https://orcid.org/0000-0002-4984-9350
https://orcid.org/0000-0003-1571-0366
https://orcid.org/0000-0003-3378-2603
https://orcid.org/0000-0002-2435-9283
mailto:joanafcf@ua.pt
mailto:joanafilipa.dacunhafernandes@uqar.ca
mailto:d.madeira@ua.pt
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.70950&domain=pdf&date_stamp=2026-06-05

1 | Introduction

Biological variation between sexes is a deeply rooted feature
of animal life, influencing not only individual traits but also
population structures, dynamics and ecological functions
(Edmands 2021; Gissi et al. 2023). Males and females often
differ in their morphology, endocrine function, and physiolog-
ical abilities (Berns 2013; Valencak et al. 2017). Particularly,
there is growing evidence that females and males show dis-
tinct responses to environmental challenges across taxa (Gissi
et al. 2023; Pérez-Cerezales et al. 2018). For instance, females
typically allocate more energy toward somatic maintenance and
reproductive investment, while males often exhibit a greater
investment in growth, development, and mating behaviours
(Hinojosa and Thiel 2003; Merrill and Collins 2015; Raymond
et al. 2004). Despite these fundamental differences, to date,
only a few ecological and physiological studies considered sex
differences when characterising species’ tolerance and adapt-
ability to environmental stressors (Ellis et al. 2017; Iwasa and
Yamaguchi 2023), thus potentially obscuring a key source of
biological variation. Understanding the extent and direction of
sex-specific responses, as well as the mechanisms underpinning
such differences, is therefore essential for predicting population-
level tolerance and resilience, identifying the mechanisms
underlying vulnerability, and anticipating demographic or re-
productive shifts under future warming scenarios.

Ocean warming represents one of the most pervasive and
multifaceted stressors threatening marine ecosystems (Bopp
et al. 2013; Venegas et al. 2023). It is characterised not only by
a chronic increase in baseline seawater temperatures, but also
by the increasing frequency, intensity, and duration of acute
thermal anomalies, such as marine heatwaves (MHWSs; Hobday
et al. 2016; IPCC 2022). MHWs also reduce oxygen solubility
(Shepherd et al. 2017), alter the water chemistry (Orr 2011), dis-
rupt seasonal thermal cues (Bennett et al. 2019), and shift met-
abolic baselines in marine organisms. Therefore, the effects of
MHWSs may ripple across all levels of biological organisation,
from molecular pathways to whole-organism physiological
traits, species interactions and population dynamics (Sokolova
et al. 2011; Venegas et al. 2023). Moreover, a chronic increase
in temperature can drive long-term shifts in habitat suitabil-
ity and alter phenology, whereas episodic MHWs can rapidly
push organisms beyond their physiological limits, triggering
mortality events, reproductive failure, and community collapse
(Smith et al. 2023; Venegas et al. 2023). This particularly applies
to marine ectotherms, which often present narrower thermal
safety margins than terrestrial ectotherms (Villeneuve and
White 2024). Because thermal stress affects energetic balance,
development, and reproductive success, sex-specific physiolog-
ical strategies may modulate how well males and females can
cope with warming. Therefore, disentangling sex differences
becomes fundamental to forecast population trajectories under
climate change. In this context, thermal plasticity, defined as the
capacity of an individual to adjust its thermal limits through ac-
climation (Ghalambor et al. 2007), emerges as a crucial adaptive
mechanism (Bennett et al. 2021). By shifting their thermal lim-
its upward, organisms can expand their thermal tolerance win-
dow to alleviate the risk of acute thermal injury during sudden
or sustained heat exposure (Magozzi and Calosi 2015; Whiteley
and Mackenzie 2016). Growing scientific evidence suggests that

thermal plasticity may differ between sexes. Despite this, a large
proportion of studies (ranging from 75% to 90% - Edmands 2021;
Pottier et al. 2021) still do not report or consider sex, making it
difficult to assess the role of sex-specific differences in species’
responses to global changes. Therefore, identifying when, why,
and how sexes differ in their thermal responses is critical for un-
derstanding population tolerance and for generating mechanis-
tic insights that can inform broader, cross-species predictions.

The few studies that analysed sex reported differences in energy
allocation strategies, reproductive roles, and life-history pac-
ing, evidenced that males and females exhibit distinct physio-
logical responses to elevated temperatures (Tarka et al. 2018).
While consistent sex-specific heat tolerance patterns remain
elusive, several studies report that females exhibit greater ther-
mal plasticity, and may possess inherently higher heat tolerance
across taxa (Edmands 2021; Pottier et al. 2021). This enhanced
plasticity in females may stem from physiological adaptations
enabling them to sustain core functions under elevated tempera-
tures. This is particularly true not only during the energetically-
demanding reproductive phase, where oocyte formation
substantially shapes female metabolic allocation and influences
other physiological processes (Edmands 2021; Hayward and
Gillooly 2011; Lipaevaet al. 2025), but also during post-extrusion,
as an important fraction of their energy metabolism is diverted
to eggs' ventilation and/or parental cares (Marochi et al. 2021).
Conversely, males often show a more limited thermal perfor-
mance capacity (Sasaki et al. 2019; Vermandele et al. 2024),
suggesting that they are less plastic and more vulnerable to
ocean warming. However, the cellular physiological adaptations
explaining these differences are still poorly understood. Most
notably, the disproportional vulnerability to increased tempera-
ture reported between sexes may disrupt sex ratios, and reduce
reproductive output, brood size and egg viability (Donelson
et al. 2010; Edmands 2021). Ultimately, this can have dramatic
demographic effects (Brunel and Boucher 2007). Furthermore,
the presence of sex-specific responses to warming may cause
chronic warming to exacerbate existing sex-dependent differ-
ences in developmental timing (Sasaki et al. 2019), moult cycles
(Nelson 1990), or reproductive maturation (Spinks et al. 2021),
which could lead to population-level mismatches.

Whole-organism thermal tolerance and plasticity are underlied
by complex molecular mechanisms. For instance, elevated tem-
peratures can impair enzymes, destabilise cellular membranes,
and trigger the accumulation of reactive oxygen species (ROS),
all of which compromise homeostasis (Benedetti et al. 2021;
Lesser 2006; Sokolova et al. 2011). Organisms may counteract
these effects by adjusting biochemical pathways, for example by
producing antioxidant defences (Vinagre et al. 2014), reshaping
energy metabolism (Beaudreau et al. 2024; Guscelli et al. 2023;
Lemieux and Blier 2022; Li et al. 2017), modulating osmolytes
production (Madeira et al. 2021), and inducing chaperones (e.g.,
heat-shock proteins) (Madeira et al. 2014; Shatilina et al. 2011).
These molecular fingerprints reflect marine ectotherms' ability
for cellular rewiring and can be harnessed to describe their ther-
mal tolerance. Although several studies have examined isolated
temperatures or specific physiological traits (e.g., Neuparth et al.
2002; Rastrick and Whiteley 2013), a mechanistic, integrated
multi-level sex-specific perspective on molecular, physiological,
and reproductive thermal tolerance is surprisingly missing.
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To address such a gap, we investigated the sex-specific fitness
response, thermal tolerance and metabolomic plasticity across
a broad thermal window in females and males of a keystone
intertidal amphipod, Gammarus locusta, used as a model spe-
cies. Estuarine and intertidal amphipods inhabit some of the
most thermally variable environments (Bozinovic et al. 2011),
undergoing daily cycles of desiccation, high diurnal heating,
and temperature fluctuations (Eckersley and Scrosati 2012;
Vaz et al. 2005). In this context, amphipods must cope with a
wide range of temperatures, including both marine extreme
events and chronic ocean warming trends. We hypothesise that
sex-specific differences will emerge across multiple biological
levels of G. locusta in response to thermal stress. Based on ex-
isting literature (Gissi et al. 2024; Vermandele et al. 2024), we
expect males to be more vulnerable than females to elevated
temperatures because their faster growth rates and larger body
size may impose higher energetic demands and a lesser scope for
energy reallocating toward heat-stress defences. Conversely, we
expect females to maintain performance under high tempera-
tures through enhanced plasticity and/or energy production
mechanisms.

2 | Material and Methods

2.1 | Study Area and Field Environmental Data
Collection

We selected as a study area the coastal lagoon of the Ria de
Aveiro in Portugal (Mira channel, Costa Nova, 40°36" 59.3” N
8°44’ 25.3” W) (Figure S1). Here, to characterise the thermal
environment of the habitat of G. locusta, intertidal tempera-
ture data was collected every 30 min using data loggers (with a
resolution of 0.1°C; v.2.4 27mm, Envlogger ElectricBlue, Porto,
Portugal). Temperature data was acquired during summer
months, i.e., between May 30th and October 17th, 2022. Data
loggers (n=3) were deployed, ensuring that they were always
submerged at low tide, in three tide pools at the collection site.
After that, descriptive statistics (means and standard devia-
tion—SD, minimum and maximum values) were computed and
data were plotted using the R package macleish VR 4.4.0. These
data were used to inform and to calculate thermal safety mar-
gins (TSM).

2.2 | Specimens’ Collection, Transport
and Husbandry

Gammarus locusta individuals were collected in the Mira chan-
nel in July 2022 (n,,,,, =858 adults including ovigerous females
and males; females 0.021+0.003g and males 0.038+0.012g
of weight measured on a subsample of 50 indiv.). At the time
of collection, environmental conditions were: seawater tem-
perature =20.4°C +0.5°C, salinity =30.7+0.3, dissolved oxy-
gen=8.96+0.11mgL~", and pH =7.98 +0.28. Specimens were
transported (over a 7min drive) to the ECOMARE Laboratory
forInnovation and Sustainability of Marine Biological Resources,
Gafanha da Nazaré, Portugal (40°38'17.3” N 8°43’43.8” W) in-
side 20 L buckets filled with local, constantly aerated, seawater.
After arriving at the facilities, individuals were haphazardly

placed inside forty 20L plastic tanks (n=40 amphipods per
tank). Tanks contained artificial seawater (made with reverse
osmosis water and artificial sea salt; Pro-Reef, Tropic Marin,
Lisboa, Portugal), and a 40-mm layer of sand (grain size
+0.3mm) collected from a nearby beach (Praia de Biarritz,
Costa Nova, Ria de Aveiro; 40°62’87.47" N, 8°74'58.88” W) to
mimic habitat conditions. In addition, constant aeration was
provided, and the photoperiod was set to 14L:10 D to mimic
summer season light exposure. Seawater temperature and sa-
linity were measured daily with a multi-parameter probe (MU
6100H, VWR, Leuven, Belgium). Mean =+ SD conditions were:
temperature 20°C + 1°C, salinity 30 + 3. Other seawater param-
eters were measured twice weekly: pH at 8.1+0.1, total am-
monia < 0.1 mgL~, nitrites <0.05mgL~, nitrates <0.1 mg L1,
and dissolved oxygen >8.5+0.3mgL~!. To ensure suitable
water quality, we conducted partial water changes (50% of the
total volume) every 2days. Amphipods were kept under these
conditions for 15days prior to the beginning of the experiment
to allow them to adjust to laboratory conditions and recover
from any possible stress due to collection and transportation.
Mortality during this acclimation period was low, with only
six individuals (< 1% of total n=858) dying across all tanks.
Only females carrying unfertilised, dark-coloured eggs were
used for posteriori experiment; egg colour was monitored daily
during the husbandry period to ensure synchronised reproduc-
tive status. Individuals were fed ad libitum with Ulva spp. col-
lected at the sampling site.

2.3 | Experimental Design, System and Protocol

To investigate sex-specific thermal responses, as well as fitness,
in the amphipod G. locusta, adult females and males (n =400 of
each sex) were exposed for 21 d to one of four temperatures: 16°C,
21°C, 26°C and 31°C. These temperatures were selected to re-
flect a thermal gradient including optimal (16°C), supra-optimal
(21°C and 26°C), and near-critical (31°C), based on natural tem-
perature recordings (Figure 1) and future climatic predictions
for the end of the century (IPCC 2022). These temperatures
span the full thermal range experienced in the species’ inter-
tidal habitat—from typical summer conditions (~16°C-21°C) to
the upper extremes recorded during low tide in warm days (up
to ~28°C-29°C), with 31°C representing projected near-future
summer maxima under warming scenarios (Figure 1).

Temperature treatments were achieved independently in in-
dividual closed plastic aquariums, with a total of 20 replicate
tanks (five replicates per temperature treatment; box size =300
X200 %170 mm, 6.5L), set up on two shelves in a climatised 20°C
room. Briefly, five replicate tanks per treatment were set up and
randomly distributed on a bench, with approx. 20 male and 20
female individuals per tank. Each tank was individually regu-
lated by a submersible heater (Thermocontrol 3612 50 W, Eheim,
Deizisau, Germany) or chiller (HC-300A, Hailea, Guangdoung,
China), depending on the experimental temperature group.
Tank water parameters were monitored daily using a multipa-
rameter probe (MU 6100H, VWR, Leuven, Belgium) to measure
temperature, pH, salinity, and oxygen. Additionally, ammonia,
nitrates, and nitrites were measured with colorimetric test kits
twice a week. Artificial seawater (prepared as described above)
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FIGURE1 | Dailyseawater temperature in Ria de Aveiro, collected every 30 min, from June to October 2022. Each point represents an individual

temperature measurement. The black line shows a smoothed trend (LOESS). The maximum recorded temperature (28.6°C) and minimum (14.9°C)

are highlighted with circled markers and labelled.

was supplied to each tank at a constant salinity of 30. The ex-
perimental bench was equipped with fluorescent lamps (V165
LED, ViparSpectra, CA, USA), and the photoperiod was set to
a 14L:10 D (as described above). Each tank included approxi-
mately 40 mm of sand (as described above) and one oyster shell
(to create and mimic tide pool refuges), and amphipods were fed
ad libitum with Ulva spp. to simulate natural habitat conditions
as closely as possible during the 21 d exposure period. To prevent
thermal shock, temperature in each tank was gradually adjusted
from a starting point of 20°C to the target experimental tempera-
ture by 1°C h™! increments or decreases (according to Fernandes
et al. 2023; Missiondrio et al. 2022). Oxygen levels in each tank
were maintained through continuous aeration provided by an
air stone connected via silicone tubing to an air compressor (LP-
100, Resun, Guangdong, China). After 21 d of exposure (D21),
one female and one male per tank (n =five tanks per temperature
treatment) were collected, quickly weighed, and immediately
flash-frozen in liquid nitrogen, then stored in a —80°C freezer
for metabolomic analyses (see details below). Additionally, three
individuals per tank (n=15 per temperature treatment) were
haphazardly collected for Critical Thermal Maximum (CTmax)
assays. No feeding occurred 24 h prior to the sampling for me-
tabolomics and physiological assays to avoid the effect of spe-
cific dynamic action (SDA) and reduce variability due to recent
food intake.

2.4 | Survival

Mortality was observed at the end of the experiment and calcu-
lated as the proportion of surviving individuals relative to the
initial number placed in each tank. Sex was not included as a
factor in survival models because, at the end of the exposure pe-
riod, the sex of some deceased individuals (especially at higher
temperatures) could not be reliably identified due to rapid dete-
rioration. An individual was considered dead when it showed
no movement, no response to gentle stimulation, no pleopod or
appendage activity, and typically remained motionless at the

bottom of the tank, consistent with standard criteria for mor-
tality assessment in amphipods well established for this species
(Costa and Costa 1999).

2.5 | Upper Thermal Tolerance Limits, Heat
Tolerance Plasticity and Thermal Safety Margins

Thermal tolerance was determined using a dynamic temperature
assay to define specimens’ Critical Thermal Maximum (CTmax),
which is commonly used in ectothermic animals (Madeira,
Narciso, Cabral, and Vinagre 2012; Vinagre et al. 2016). CTmax
was determined using a temperature-controlled water bath,
where individuals were exposed to a constant increase of sea-
water temperature at a rate of 2°C h™! (Fernandes et al. 2023)
until they reached the pre-defined endpoint of loss of locomotor
performance. This was assessed by gently tapping or tilting the
beaker to elicit a swimming response, allowing us to measure in-
dividuals' CTmax, defined as the temperature at which the indi-
vidual failed to respond and passively sank to the bottom. Three
individuals from the same tank were carefully transferred from
the tanks to 250mL glass beakers filled with artificial seawater
(prepared as described above) and a standardised 20-mm thin
layer of sand. These beakers (five per temperature, 20 in total,
each with the three individuals from the same tank) were then
placed in the temperature-controlled water bath (Optima T100,
Grant Instruments, Cambridge, UK). The CTmax trial for each
group began at its respective acclimation temperature, ensuring
continuity between pre-exposure and testing conditions. This pro-
cedure follows the latest recommendations to avoid differential
thermal shock and injury that would otherwise occur if CTmax
trials all started at a common temperature (Raby et al. 2025).

A total of 15 individuals per exposure temperature (n=7-8 fe-
males and 7-8 males per temperature treatment) were tested.
To accurately track water temperature during the assay with-
out disturbing the amphipods, we used a multiparameter probe
(MU 6100H, VWR).
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The acclimation capacity, a measure of absolute heat toler-
ance plasticity (Gunderson and Stillman 2015; Magozzi and
Calosi 2015), was calculated following Equation (1):

. . P ind "
Acclimation capacity = CTmax;“ — CTmax}, (D)
where individual CTmax temperature CTmaxiTnd represents the

CTmax of each individual in a given temperature group sub-
tracted by CTmax’,, the mean CTmax at the optimum tempera-
ture (16°C). Mean acclimation capacity indicates the absolute
magnitude of the plasticity of the species’ thermal tolerance lim-

its, regardless of the breadth of the temperature window tested.

Acclimation response ratio (ARR) is a standardised measure
of heat tolerance plasticity, indicating how much thermal tol-
erance limits change per degree of temperature change. ARR
is calculated in Equation (2) as the change in heat tolerance
(Acclimation capacity) for a given change in acclimation tem-
perature (ATacc) (Claussen 1977):

Acclimation capacity

ARR =
ATacc

@
where ATacc is the acclimation temperature difference.

To assess intraspecific variability of CTmax, the coefficient
of variation (CV, expressed in%) was calculated for (i) species,
(ii) sex and (iii) temperature treatments following Equation (3)
(Fernandes et al. 2023):

CV = ( SD
Mean

) x 100, ?)

where SD is the standard deviation of CTmax and Mean is the
average CTmax at a given temperature/sex.

The Thermal Safety Margin (TSM) was calculated in Equation (4)
as the difference between the CTmax previously determined
for each individual, within each sex and temperature, and the
Maximum Habitat Temperature (MHT) determined through in-
tertidal water temperature data measured at the sampling site
(Sunday et al. 2014):

TSM = individual CTmax temperature — MHT. 4)

2.6 | Quantification of Reproductive Output
and Juveniles’ Body Length Measurement

At the end of the experimental period, reproductive output
was assessed by counting all offspring present in each tank.
Juveniles were preserved in 96% ethanol for later measure-
ments. A representative subsample of juveniles (30 per tank, five
tanks per temperature, n, ., =600) was used to assess mean ju-
venile size per temperature using a stereomicroscope (DMS 300,
Leica, Wetzlar, Germany) in conjunction with Leica LasX soft-
ware, following the method described in Costa and Costa (1999).
Briefly, metasomatic length (Lm) was measured, and is defined
as the distance between the anterior end of the rostrum and the
posterior end of the last metasomatic segment. The relation be-
tween total length (Lt) and Lm was previously determined for
this species (Costa and Costa 1999), and was calculated follow-
ing the linear regression Equation (5):

Lt= -0.153+1.218 X Lm ©)

2.7 | Characterisation of Metabolomic Profiles

The metabolomics profiles of female and male amphipods exposed
to different temperatures were characterised using a targeted
method developed by Les Laboratoires Iso- BioKem Inc. (modified
from Beaudreau et al. 2024; Guscelli et al. 2023). Briefly, for me-
tabolite extraction, samples were freeze-dried for 24 h, weighed on
a microscale (XPR6UDS5, Columbus, Mettler Toledo, OH, USA) be-
fore being homogenised in a bead-resistant tube with 2.8 mm glass
beads (Fisherbrand Bulk Beads, cat. number 15-340-160, Fisher
Scientific, Waltham, MA, USA) at 6000rpm for 30s (Precellys 24,
Bertin corporation, Montigny-le-Bretonneux, France). Once the
extraction solution (v/v mixture of 2,2,2-Trifluoroethanol/LC-MS
grade water) was added, samples were vortexed for 10s and centri-
fuged at 30,130 g for 5min at 5°C to collect and transfer 250mL
of supernatant in an amber HPLC vial with insert (Wheaton, NJ,
USA) to analyse the dried extract. Finally, 10 L of the supernatant
were injected in a high-performance liquid chromatography sys-
tem (HPLC 1260 Infinity IT, Agilent Technologies, Santa Clara, CA,
USA) coupled to a mass spectrometer (6420 Triple Quad, Agilent
Technologies, CA, USA) to detect targeted metabolites (metabo-
lite list provided in Table S1). The absolute quantification of these
metabolites (in ng mL~") was assessed with the MassHunter QQQ
quantitative (Quant-my-Way) software (Agilent Technologies, CA,
USA) using a calibration curve previously created using Valine-d8
and Pyruvate-d3 standards (Cambridge Isotope Laboratories,
Tewksbury, MA, USA). Raw data matrices were normalised by
dry weight and final concentration values were expressed as ng of
metabolite mg~ dry weight.

2.8 | Data Analyses and Bioinformatics

All analyses were performed in the R software (R Core
Team 2024) (v4.4.2) and plots produced with the ggplot2 pack-
age and edited on Adobe Illustrator (29.2.1). Assumptions of
normality and homogeneity of variances were validated using
the Shapiro-Wilk test shapiro.test and Levene's test leveneTest
from the car package, respectively.

2.8.1 | Survival

To test whether elevated temperatures negatively impact am-
phipods' survival, the proportion of surviving individuals at the
end of the exposure time was analysed using a one-way ANOVA
test with Temperature as a fixed factor using the aov function
from the stats package. When significant effects were detected,
post hoc pairwise comparisons between temperature groups
were conducted using the Tukey's HSD test via the TukeyHSD
function.

2.8.2 | CTmax

To determine if the CTmax data followed a normal distribution,
a histogram, a QQ-plot, and Shapiro-Wilk tests were carried
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out using the package stats. CTmax was analysed using a linear
mixed-effects model (LMM; package Ime4), with Temperature
and Sex as fixed factors, wet weight as a covariate and Tank
as a random effect. The models were ranked according to the
Akaike's Information Criterion (AIC), and the model with the
lowest AIC was reported. Quality of fit was determined consid-
ering the Null deviance and Residual deviance values. Random
effects and covariate (wet weight) were found not to have a sig-
nificant effect (p=0.532 and p=0.101 respectively) on CTmax
and were removed from analyses.

2.8.3 | Reproductive Output and Juveniles Body Length

The effect of temperature on reproductive output was assessed
using a generalised linear model (GLM, using the glm function
from the stat R package) with a negative binomial distribution to
account for overdispersion in count data. Temperature was in-
cluded as a fixed factor and the final number of females in each
tank as a covariate. Juveniles' body length was analysed using a
linear mixed-effects model (Imer function from the Ime4 pack-
age), with Temperature as a fixed factor and Tank as a random
effect. Post hoc comparisons were performed, where appropri-
ate, using estimated marginal means via the emmeans function
from the emmeans package.

2.8.4 | Targeted Metabolomics Data

As metabolomics datasets can contain a high number of miss-
ing values, the matrices were first screened and processed for
missing data imputation. Across the 49 metabolites analysed (27
amino acids, 9 organic acids, 3 sugars and alcohols, 1 fatty acyl
and 9 other metabolites; see for the full list and details Table S1)
in 40 specimens, a total of 70 values were missing due to con-
centrations falling below the limit of quantification (LOQ),
corresponding to approximately 3.6% of the dataset. Given the
nature of these missing values—classified as ‘Missing Not at
Random’ (MNAR)—we followed the protocol proposed by (Wei
et al. 2018) using the online web-tool (https://metabolomics.
cc.hawaii.edu/software/MetImp/; last accessed April 2025).
Briefly, we applied the QRILC algorithm (Quantile Regression
Imputation of Left-Censored Data) after filtering out features
with more than 30% group-wise missing data (seed=1234).
This procedure led to the exclusion of two metabolites out of the
49 originally targeted. Finally, the database was imported into
Metaboanalyst 6.0 (http://www.metaboanalyst.ca/, accessed
in April 2025) (Pang et al. 2024) to be cube-root transformed,
to follow normality and homoscedasticity assumptions, and
pareto-scaled, to adjust for differences in abundances between
metabolites. These pre-processing steps are commonly used
transformations for metabolomic data (Pang et al. 2021; van den
Berg et al. 2006).

Metabolomics data were analysed in multiple steps using a
suite of multivariate, univariate and functional analysis tools.
First, transformed metabolite data were analysed by principal
component analysis (PCA) using singular value decomposi-
tion with the prcomp base function. The screeplot R function
helped evaluate the proportion of variation among temperature

and sex groups explained by each component and selected the
first two PCA components. The first two PCA components ex-
plained most of the variation (> 50% of total) and were plotted
using the ggplot2 package as a function of Temperature- and/
or Sex-groupings. A permutational multivariate analysis of
variance (PERMANOVA) was applied to all 40 samples to test
for the effects of Temperature, Sex and the interaction between
Temperature X Sex on the whole metabolome (response of 47
targeted metabolites) using the adonis2 function (number of
permutations =9999, distance method = Euclidean) from the
vegan package (Oksanen et al. 2020). The fixed independent
variables were assumed to be categorical for this analysis
(Temperature and Sex). The temperature treatment was consid-
ered as a categorical variable to facilitate multivariate analysis
and for ease of interpretation. Individual dry weight was used
as a proxy for body size and included as a covariate to account
for the sexual dimorphism in size, females being smaller than
males. To further investigate differences in metabolomic pro-
files across experimental temperatures and between sex, a su-
pervised sparsed partial least squares discriminant analysis
(SPLS-DA) was conducted using the splsda function from the
mixOmics R package (Rohart et al. 2017). Separate sPLS-DA
models were constructed for: (i) all samples grouped by treat-
ment Temperature, (ii) all samples grouped by Sex, and (iii)
within-sex subsets (females and males separately), with treat-
ment temperature as the grouping factor. For each model, in-
dividual sample scores were visualised in the first two latent
dimensions (components) using plotIndiv, with ellipses (95%
confidence intervals) overlaid to indicate group separation.
Component 1 (PLS1) scores were extracted for downstream
visualisation and linear modelling. The discriminatory perfor-
mance of the SPLS-DA models was evaluated using area under
the receiver operating characteristic curve (AUROC) metrics.
The auroc function from mixOmics was used to compute AUC
values for all pairwise group comparisons within the first two
sPLS-DA components. Associated p-values were also computed
to assess statistical significance (Table S4). To identify differen-
tially abundant metabolites (DAM) between Temperature and
Sex groups, we applied Limma (Linear Models for Microarray
Data), using the limma package (Ritchie et al. 2015). The mod-
elling was performed with the ImFit, eBayes, and topTable
functions. Contrasts between two groups were compared with
makeContrasts. Metabolites with adjusted p-values (consid-
ering a conservative false discovery rate of FDR <0.05 and a
more exploratory FDR <0.1) and absolute log2 fold-change
> 1.5 were considered differentially abundant. Results from the
Limma analysis were visualised using volcano plots, generated
with the EnhancedVolcano package (Blighe et al. 2024), which
displays significance (~log,, p-value) versus magnitude (log,
fold-change) of change across conditions.

Pathway analyses were performed using the FELLA package,
a diffusion-based algorithm that considers a list of DAM and
places them into knowledge-based biological networks that
allow for pathway crosstalk (Picart-Armada et al. 2018). The al-
gorithm was set to 10,000 iterations and P-scores and the num-
ber of nodes were limited to 0.05 and 1000, respectively. Daphnia
pulex, a model crustacean available in the Kyoto Encyclopedia
of Genes and Genomes (KEGG; Kanehisa and Goto 2000), was
used to build the reference network. In addition to housing the
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original input metabolites, the resulting network generated a list
of significantly affected metabolites, enzymes, reactions, mod-
ules, and pathways. The visual representation of this network
was trimmed according to the elements of interest, namely the
input metabolites and pathways, and then improved aesthet-
ically using Cytoscape 3.10.3 version (Java 17.0.5) (Shannon
et al. 2003).

Finally, ATP:ADP ratios calculated a posteriori as an indicator
of cellular energetic status (Feidantsis et al. 2020) were analysed
using linear models with Temperature (treated as a continuous
predictor) and Sex as fixed factors. Both the full model, includ-
ing the Temperature X Sex interaction, and a simplified additive
model were fitted to evaluate the effects of Temperature and Sex
on ATP:ADP ratios.

3 | Results
3.1 | Survival

Survival at the end of the 21-d exposure period decreased sig-
nificantly with increasing temperature (F, ;,=17.27, p <0.0001).
Post hoc comparisons revealed that mean survival at 16°C
(66.9%) and 21°C (62.3%) was comparable, both being signifi-
cantly higher than survival at 26°C (49.1 A%) and 31°C (38.9%),
with the lowest survival observed at 31°C (Figure 2).

3.2 | Upper Thermal Tolerance Limits, Heat
Tolerance Plasticity and Thermal Safety Margins

The minimum CTmax value observed was 32.6°C for males

exposure temperature, but differently for females and for males,
as indicated by the presence of a significant interaction between
the terms Sex and Temperature (y*=15.367, df=3, p<0.0015,
Table 1). In more detail, the increase in mean CTmax between
16°C and 21°C was greater in males than in females: 2.73% ver-
sus 1.49%, respectively. Further, females displayed higher mean
CTmax values when compared to males at 16°C and 31°C (2.12%
and 1.16% higher, at 16°C and 31°C, respectively, Figure 3A).
Moreover, variation within each group was low, as shown
by coefficients of variation (CV) ranging from 0.64% to 1.37%
(Table S3). ARR values decreased with increasing tempera-
ture, in females and males, ranging from [0.11-0.18] at 21°C, to
[0.10-0.14] at 26°C and [0.08-0.10] at 31°C, respectively, with
males generally showing slightly higher values than females
(Table S3).

The species overall CTmax CV was 1.81%. Between sexes, CV
ranged from 0.68% to 0.84% (at 16°C and 31°C) in females, and
from 0.64% to 1.37% in males (at 16°C and 31°C, respectively).
Finally, the highest TSM was 5.87°C for males and 6.20°C for
females (Table S3).

TABLE 1 | Summary of the results of the ANOVA type III test
used to investigate the effect of temperature on amphipods' survival,
reproductive output and juveniles' body length, and for temperature,
sex and their interaction on amphipods’ critical thermal limit (CTmax)
following a 21-day exposure to a temperature gradient. Factors for
which we have a significant effect (p <0.05) are highlighted in bold. For
each variable, models were selected and reported based on their lowest
Akaike Information Criterion. Df: Degrees of freedom. Sum sq.: Sums
of squares.

Survival
exposed to 16°C, while the highest one was 35.1°C for females
exposed to 31°C. CTmax increased non-linearly with increasing Factor Sum sq df Fvalue Pr(>F)
Temperature 2433 3 17.27 <0.0001
100 Residuals 751 16
Critical Thermal Maximum (CTmax)
a 2 2
~ 75 a Factor df X Pr(> x%)
o~ I (Intercept) 1 155,500  <0.0001
N
© Sex 1 32.891 <0.0001
C 50
= Temperature 3 98.845 <0.0001
S
= Sex X 3 15.367 0.0015
w 25 Temperature
Residuals
0 Reproductive output
16 21 26 31 Factor df X Pr(> %)
Temperature (°C) Temperature 3 13634  <0.0001
FIGURE 2 | Effect of elevated temperature on mean=+SD survival Juveniles body length
in the amphipod Gammarus locusta after 21 days of exposure to 16°C, N
21°C, 26°C and 31°C (n=5 tanks per temperature, 20 tanks total). The Factor df X Pr(> xZ)
bar graphs represent the mean and the vertical lines their associated SD. (Intercept) 1 367.46 <0.0001
Different letters denote significant differences (p-adj <0.05) between Temperature 3 106.14 <0.0001
means.
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FIGURE3 | The effect of elevated temperatures (16°C, 21°C, 26°C, and 31°C) for both males and females of G. locusta after exposure of 21 days in
different traits. (A) Critical Thermal maximum (CTmax) values; (B) Mean + SE (standard error) of Thermal Safety Margin (TSM); (C) Reproductive
output; and (D) Juveniles’ body length. In sex-specific graphs (A and B), uppercase letters indicate significant differences between females across

temperatures; lowercase letters indicate significant differences between males across temperatures; asterisks indicate differences between females

and males within each temperature. Data in A, C and D are violin plots showing metrics' distribution and jittered points show individual data.

3.3 | Reproductive Output and Juveniles
Body Length

Reproductive output significantly decreased non-linearly with
increasing exposure temperature, from 470.4 hatched juve-
niles at 16°C to 11.2 at 31°C (Figure 3C). Juvenile body length
significantly increased with increasing exposure temperature,
visibly in a non-linear fashion, reaching a plateau at 26°C. At
all elevated temperatures, juveniles were significantly longer
when compared to the optimum (16°C). The non-linearity of
the thermal response was supported by the fact that juvenile
mean size increased linearly from 16°C to 26°C (from 3.50 to
8.98 mm, respectively) but plateaued at the highest tempera-
ture treatment (31°C, 8.05mm, being comparable to that at
26°C; Figure 3D).

3.4 | Metabolomic Profiles in Response to Sex
and Temperature

The amphipods’ whole targeted metabolome (i.e., 47 metabolites)
primarily differed based on Sex and Temperature, but not their
interaction (Table 2), which was visually confirmed through
the sPLS-DA (Figure 4A,B). Despite the interaction between
Temperature and Sex was not significant in the PERMANOVA
of the whole targeted metabolome (Table 2), as males and fe-
males exhibited different thermal tolerance levels across the
tested temperature gradient, and metabolomic responses were
shown to strongly relate to changes at the whole-organism level
(e.g., Calosi et al. 2017), we dissected the thermal response per
sex. To do so, we used specific contrasts to identify possible
differences in metabolite concentrations underlying males and
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TABLE 2 | Summary of results from the permutation analysis
of variance (PERMANOVA) with the effects of the fixed variables
Temperature and Sex and their interaction on G. locusta metabolome
(47 metabolites) (N=40). Degrees of freedom (df), R?, F-statistic and
associated p-values for each term are reported, with significant results
highlighted in bold.

Factor df Sumsq R? Fvalue p(>F)
Sex 1 654 0.166 8.11 0.001
Temperature 3 452 0.115 1.87 0.030
Sex X 3 241.7 0.061 0.99 0.415
Temperature

Residual 32 25794  0.657

Total 39 39271 1

females' responses to different temperatures. Accordingly, when
Sex had a significant effect (main or interactive), traits were re-
analysed separately for each sex to avoid masking temperature
effects (Vermandele et al. 2025). These within-sex analyses
revealed that females and males' whole metabolome clustered
based on temperature (Figure 4C,D).

We also revealed distinctive metabolomic signatures across Sex
and Temperature groups using the limma analyses (Figure 5,
6). Briefly, 21 differentially abundant metabolites (DAMs) were
identified, all present at lower concentrations in males com-
pared to females (Figure 6A). Furthermore, six and five DAMs
had lower abundances at 26°C and 31°C, respectively, compared
to 16°C (Figure 5A). Comparing sexes within each tempera-
ture, we identified four DAMs at the lowest temperature (16°C)
(Figure 6B).

Males and females showed more pronounced differences at 21°C
(seven DAMs) and particularly at 26°C (18 DAMs), with males
showing lower metabolite abundances compared to females
(Figure 6B). Contrastingly, no significant DAMs were identified
at 31°C between sexes (Figure 6B). The complete list of DAMs is
provided in Table S5, and summary boxplots of metabolite fold
changes and significance are available in Figures S3-S5.

Network-based pathway analyses identified a total of nine sig-
nificantly enriched pathways, differentially utilised by males and
females, from all temperatures tested (Figure 7A). Sex-specific
analyses comparing females and males at each temperature
separately showed one enriched pathway at 16°C (Figure 7B),
four at 21°C (Figure 7C), and eight at 26°C (Figure 7D). This
represents a 700% increase in the number of enriched pathways
from 16°C to 26°C. Noteworthily, Alanine, aspartate and gluta-
mate metabolism was the one common pathway utilised across
all comparisons. Unique pathways characterising sex differ-
ences at 21°C were One carbon pool by folate and at 26°C were
B-Alanine metabolism, ABC transporters, Arginine and proline
metabolism, Glutathione metabolism and Non-homologous end-
joining. Comparisons between temperatures, irrespective of
Sex, revealed five enriched pathways at 26°C and four at 31°C,
with three pathways overlapping between these two conditions
(mTOR signaling, ABC transporters and Lysine degradation)
(Figure 5B,C). Metabolites did not significantly vary at 21°C

when compared to 16°C, and therefore no enrichment pathway
analysis was performed for this comparison (Figure 5).

3.5 | ATP:ADP Ratio

The interaction between Temperature and Sex was not signifi-
cant (p=0.13), indicating that males and females showed simi-
lar thermal responses. Given the lack of interaction, we therefore
fitted an additive model, which showed that ATP: ADP ratios
declined significantly with increasing temperature (p=0.011),
while Sex had a marginal effect, with males exhibiting slightly
higher ATP:ADP ratios than females (p =0.063; Figure 8).

4 | Discussion

Our study uncovers pronounced sex-specific variation in ther-
mal sensitivity and physiological responses in the amphipod
G. locusta, a keystone species in coastal marine ecosystems.
Females display a higher upper thermal tolerance, but lower
plasticity for heat tolerance, when compared to males. This
was coupled with subtle metabolite-level sex-specific patterns,
with differences in metabolite abundance between the sexes
increasing along the temperature gradient, before converging
close to the species’ near-critical upper thermal limits. This in-
dicates that near-critical conditions may override or suppress
sex-specific metabolomic variation. Particularly, females con-
sistently showed higher abundance of metabolites associated
with cellular energy balance and redox regulation (such as
NAD, FAD, ATP, ADP Glutamate, Aspartate, Betaine, Cystine
and Serine) when compared to males. This highlights females'
greater ability to maintain physiological functions and cellular
metabolism under moderate warming conditions, but less so
when extreme temperatures occur. Exposure to intermediate
and high temperatures imposes marked negative effects on G.
locusta, reducing their survival rates, reproductive output and
cellular energy status. By combining the characterisation of fit-
ness, juveniles' growth, physiological performances and molec-
ular mechanisms, our study provides a unique perspective on
the thermal abilities of females and males of a keystone marine
ectotherm exposed to a thermal gradient. Overall, we evidence a
complex interaction between sex and exposure to ocean warm-
ing, underscoring the need to consider sex as a fundamental
source of phenotypic variation.

In fact, for key traits (i.e., CTmax and Thermal Safety Margins)
we show sex-specific thermal responses. However, this pattern
is not ubiquitous, with traits such as ATP:ADP ratio not dif-
fering or showing just a marginal difference between females
and males. Altogether our results highlight that sex effects are
ecologically extremely relevant, despite being trait specific. We
also show that integrating molecular approaches, such as me-
tabolomics, to the characterisation of life history and whole or-
ganisms' responses provides valuable mechanistic insight into
species' sensitivity to global change drivers. We call for the wide
implementation of sex as a biological variable (Clayton 2018;
Farrukh and Becker 2025; Shansky and Murphy 2021), as well
as the characterisation of the mechanisms underpinning such
differences, as critical steps toward improving future biodiver-
sity projections under global changes.

Global Change Biology, 2026
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FIGURE 4 | Supervised sparse Partial Least Squares Discriminant Analyses (SPLS-DA) of G. locusta metabolomic profiles as a function of:
(A) temperature treatments across all individuals from both sexes combined; (B) sexes across all individuals from all temperature treatments; (C)
Temperature treatments separation within females; (D) Temperature treatments separation within males. Each plot shows the ellipses representing
95% confidence regions around group centroids (asterisks). The percentage of variance explained by each component is indicated on the axes. High
AUC values and associated p-values for all pairwise comparisons confirmed strong classification performance across most models (see Table S5).
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significantly altered metabolites (adjusted p <0.05 and <0.1) are highlighted. No significant differences were detected at 21°C vs. 16°C. NS: Non-
significant. FC: Fold change. Horizontal dotted lines show the significance threshold (-log,, adjusted p-value), and vertical dotted lines show the
fold-change cutoffs (log, FC); (B, C) Network-based pathway enrichment analyses for the same comparisons: 16°C vs. 26°C (B) and 16°C vs. 31°C (C).
Networks show significantly enriched pathways (large light red nodes) and their associated compounds or metabolites (dark red nodes), enzymes,
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4.1 | Sexual Dimorphism: From Metabolites to
Physiology

Here, we show that spent females and males exhibit distinct
metabolomic profiles, with nine pathways differentially uti-
lised between sexes. Notably, males under-utilise amino acid
biosynthesis and metabolism, which are central for energy

production, as well as folate transport and metabolism, which
are key for anabolic reactions (DNA, RNA and amino acid
synthesis) (Zarou et al. 2021). Additionally, males show the
de-activation of two key pathways when compared to females.
First, males rely less on ATP-binding Cassette (ABC) transport-
ers, which are essential for molecule and ion transport across
membranes (Dean et al. 2001; Jeong et al. 2017) and possibly
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heat stress tolerance (Duan et al. 2025). ABC transporters also
play a key role in regulating cellular homeostasis under stress
by mediating the active export of metabolites, osmolytes, and
xenobiotics, and their lower expression has been associated with
reduced stress tolerance in invertebrates under thermal chal-
lenge (Duan et al. 2025). Second, males rely less on glutathione
metabolism, a pathway important for managing oxidative stress

and contributing to cellular protection during thermal exposure
(Cabral et al. 2025). These results suggest that males rely on a
more energy-conserving cellular metabolic strategy to sustain
basal functions when compared to spent females, with males
also displaying lower baseline levels of adenylates (including
AMP, ADP and ATP) when compared to females. However,
weak differences in females and males’ ATP:ADP ratio are
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found, with males displaying a slightly higher ratio than fe-
males. This suggests that despite overall adenylate levels being
lower, males have abundant energy and remain in a state of low

activation of ATP-generating pathways. This energetic profile
points to a strategy of maintenance, rather than energetically
costly biosynthetic processes. A lower ATP:ADP ratio in females
may suggest constitutive higher energy turnover and higher ac-
tivation of ATP producing pathways. This divergence in metab-
olomic profiles is likely underpinned by the distinct biological
roles of each sex within the species life-history strategy and pop-
ulations dynamics, with females needing to allocate resources
for processes like egg production, accumulation of egg's reserves
to fuel embryogenesis, and brooding, processes that are energet-
ically demanding (Hayward and Gillooly 2011). Given that G.
locusta has a short generation time and reproduces continuously
across seasons (Costa and Costa 1999), females likely maintain
a sustained reproductive investment year-round. This could
amplify sex-specific differences in energetic demands and help
explain the consistent metabolic differences we report. By con-
trast, males often invest more in mate searching and guarding
or clasping females, which may require intense but less constant
energetic costs. These different behavioural demands between
sexes align well with the metabolomic patterns we observe, sug-
gesting that males rely more on immediate energy-mobilising
pathways, whereas females channel resources into biosynthetic
and antioxidant processes associated with egg production and
brooding (Alonzo and Warner 2000; Rotimi et al. 2024). As the
females used in our experiment were ovigerous at the time of
collection from the field but had released their eggs prior to
experimental sampling, the observed differences likely reflect
post-reproductive physiological states. This recent investment
in reproduction may help explain the enhanced biosynthetic
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and antioxidant activity seen in females, in contrast to males’
reliance on more transient energy pathways. Also, in our study,
we observed clear sexual dimorphism in CTmax, with females
showing higher thermal tolerance than males. As expected,
body mass also differed between sexes, with males being larger,
a factor often linked to reduced heat tolerance in ectotherms
(Brans et al. 2017; Leiva et al. 2019). However, our analyses
showed that body mass did not significantly explain variation in
CTmax, indicating that the observed sex differences in thermal
tolerance are not attributable to size but instead reflect genuine
physiological dimorphism.

4.2 | From Divergence to Convergence: How
Temperature Modulates Sex-Based Physiological
Strategies

Besides the general metabolome differences between sexes,
when investigating molecular sexual dimorphism at each expo-
sure temperature, the key finding of our study is that there are
metabolome-level and functional-level differences in the ther-
mal response of males and females. At the optimal temperature
(16°C), only alanine, aspartate and glutamate metabolism is
lower in males when compared to females. This indicates that,
compared to males, females may maintain higher baseline lev-
els of amino acid pools for energy production or biosynthesis
to fuel their higher reproductive energetic demand (Raymond
et al. 2004). However, as temperature increases, the differences
between males and females become more marked, being maxi-
mum at 26°C. At 21°C, three pathways are lower in males than
females, including glycine, serine and threonine metabolism, as
well as one-carbon pool by folate and folate transport and metab-
olism. This suggests a progressive decline in the ability of males
to perform anabolic reactions (biosynthesis and turnover of pro-
teins, DNA, RNA) as temperature increases. Folate metabolism
is essential for anabolic processes, cell division and embryogen-
esis (Wangensteen et al. 2016), and differs between males and
females at 21°C, in line with a prior study on crustaceans (Jiang
et al. 2023). At 26°C, males have lower -alanine metabolism,
a key process in cell volume regulation and stress responses
(Kasschau et al. 1984), and lower ABC transporters, indicat-
ing reduced translocation of molecules and ions across mem-
branes, potentially impairing cellular homeostasis (Thomas and
Tampé 2020). Concomitantly, males show a reduction in metab-
olites associated with arginine and proline metabolism, which
support cellular energy production (Saibi et al. 2015), as well as
in pathways linked to redox regulation (Jefferies et al. 2003) and
non-homologous end-joining, a vital DNA repair mechanism
(Barnes 2001). At 31°C, these sex-specific metabolomic differ-
ences largely disappear, with males and females displaying over-
lapping metabolomic profiles. This convergence likely reflects a
breakdown in sex-dependent physiological strategies under ex-
treme thermal stress. At a high near-critical temperature, both
sexes may face comparable energetic and cellular constraints,
leading to a shared metabolic suppression or collapse in regu-
lation. This could result from the failure of aerobic metabolism
and mitochondrial function, leading to a loss of ATP production
capacity and forcing both sexes to rely on similar anaerobic or
emergency metabolic pathways. Moreover, essential regula-
tory mechanisms (such as redox balance, ion transport, and
protein repair) may become saturated or impaired, narrowing

the scope for sex-specific metabolic adjustments. Such conver-
gence has been proposed as a hallmark of approaching upper
thermal limits, where organismal systems lose the capacity for
differentiated responses (Bawa et al. 2021). This loss of metabo-
lomic sexual dimorphism at high temperature represents a key
finding, underscoring that sex-specific resilience is most evident
under moderate stress but may vanish when survival thresholds
are exceeded (Weaving et al. 2022).

Thermal tolerance limits show sex-specific differences, with
females consistently exhibiting higher upper thermal limits but
lower ARR than males across treatments. This supports grow-
ing evidence of sex-specific tolerance to heat in marine arthro-
pods (Gissi et al. 2023; Lam et al. 2022; Mills and Fish 1980;
Missionario et al. 2022; Vermandele et al. 2024). Altogether, this
suggests that females can have higher baseline tolerance but
lower plasticity for this trait. Interindividual variation in toler-
ance to heat is greater among males at the control temperature.
However, this variation diminishes at higher temperatures, and
approaches that of females, suggesting that thermal stress nar-
rows phenotypic differences as both males and females reach
shared physiological limits. A similar trend of decreased phe-
notypic variability at extreme temperatures has also been found
for other intertidal organisms (Madeira et al. 2021). This said,
the selective death of the most thermally sensitive phenotypes
cannot be entirely excluded. The progressive increase and even-
tual plateau of CTmax with acclimation temperature is con-
sistent with the ‘Concrete Ceiling’ hypothesis (Sandblom et al.
2016; Stillman 2002; Schulte et al. 2011), which proposes that
acclimation capacity diminishes at higher temperatures, even if
plasticity is evident at moderate ranges. Together, these patterns
suggest that both plasticity and selective filtering shape thermal
responses under chronic warming.

In the present study, thermal safety margins (TSM) are also
broader in females, suggesting that they may cope better with
marine heatwaves (Vermandele et al. 2024), whereas males
may face greater mortality risk. Such risk could be mitigated
(at least in part) by the males’ greater heat tolerance plasticity.
However, the fact that their tolerance reaches a plateau at 26°C
and does not further improve at 31°C in both sexes may in-
dicate a limited window for thermal damage risk mitigation
if warming exceeds these limits. The maximum habitat tem-
perature (MHT) used in our TSM estimates was recorded in
2022. However, ocean temperatures are very likely to have
increased since then (Monteiro et al. 2025), potentially nar-
rowing G. locusta's thermal safety margins under real-world
conditions. Still, estimating interannual variability in thermal
limits and MHT could be an important avenue of research to
refine TSM predictions. Beyond thermal limits and fitness,
temperature also affects other physiological processes, with
elevated temperatures disrupting immune regulation in gam-
marids (Labaude et al. 2017), hampering chemosensory mate
detection across generations (Pereira et al. 2024) and increas-
ing metabolic rates (Aarset and Aunaas 1990). Thermal tol-
erance is also species-specific (Bedulina et al. 2017; Magozzi
and Calosi 2015; Vermandele et al. 2024), which as we show
here depends on sexes’ differential capacity to modulate cel-
lular stress responses and metabolism when faced with heat
stress (Foley et al. 2019; Madeira, Narciso, Cabral, Diniz, and
Vinagre 2012).
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4.3 | Linking Sex-Specific Thermal
and Metabolomic Plasticity With Fitness Outcomes

The sex-specific divergence in metabolomic strategies we re-
port here highlights that sex and associated reproductive fea-
tures significantly influence thermal stress tolerance, with
females generally demonstrating a greater metabolic plas-
ticity, higher energetic capacity and greater ability to keep
homeostasis. In G. locusta, elevated temperatures reduced
both survival and reproductive output, corroborating the
strong negative effects of warming on amphipod fitness (Tsoi
et al. 2005; Xue et al. 2018). Although we could not estimate
sex-specific survival, other studies also report that differential
survival between sexes may alter populations sex ratio, thereby
affecting reproductive success and ultimately populations’ dy-
namics, especially as warming trends continue to intensify
(Edmands 2021). Concomitant to a decline in survival, fitness
also decreases at elevated temperatures, suggesting that ocean
warming may severely compromise G. locusta's reproductive
capacity and thus its persistence locally, as shown in other spe-
cies (Bai et al. 2023; Gissi et al. 2023). Crucially, while male-
biased vulnerability to heat has been reported before (Pottier
et al. 2021; Vermandele et al. 2024), our study is the first to
identify the molecular and physiological mechanisms under-
pinning this pattern, specifically in G. locusta, and link them
to fitness. By combining organismal, physiological and me-
tabolomic analyses within a single experimental framework,
we move beyond descriptive comparisons and provide mech-
anistic insight into the processes driving sex-specific thermal
tolerance. This includes the identification of key metabolic
pathways (e.g., glutathione and ABC transporters) that are dif-
ferentially regulated between sexes and directly linked to their
performance under heat stress. Interestingly, more numerous
but smaller juveniles are produced at lower temperatures,
whereas at higher temperatures, fewer but larger juveniles are
recorded. This shift may reflect a temperature-induced adap-
tive trade-off in brooding strategy, wherein females prioritise
investment in egg quality over quantity to increase survival
under stressful conditions, a pattern observed in other inver-
tebrates (Gibbin et al. 2017; Maranhdo and Marques 2003;
Massamba-N'Siala et al. 2014). Such thermal impacts on fit-
ness may carry population- and ecosystem-level consequences,
particularly for coastal species, such as G. locusta, playing
key trophic roles in such transitional ecosystems. However,
the sex-specific responses we report here may not be ubiqui-
tous being potentially dependent on taxa, life-stages, popula-
tions and generations (Ascione et al. 2024; Cachet et al. 2015;
Guscelli et al. 2023; Marcellin-Gros et al. 2020; Verberk et al.
2013). However, Gissi et al. (2023) report that sex-specific dif-
ferences were detected in 89.7% of the studies accounting for
sex. Nevertheless, our integrative design, linking thermal tol-
erance, reproduction and metabolism, provides a transferable
approach to uncover sex-dependent vulnerabilities in other ec-
totherms. We provide an empirical demonstration of how sex
shapes thermal physiology and metabolism to influence fitness
outcomes, underscoring the importance of incorporating sex
as a fundamental axis of biological variation to improve pre-
dictions of thermal sensitivity under climate change. Further,
we show the importance of acquiring a critical understanding
on the molecular underpinnings of females and males' re-
sponses to ocean warming. While integrative approaches such

as metabolomics, lipidomics, and even de novo transcriptomics
are increasingly accessible and applicable beyond traditional
model species, they still face challenges (particularly regarding
annotation depth and pathway resolution). Nonetheless, these
tools offer valuable mechanistic insight when applied thought-
fully, even in non-model organisms. We evidence that different
metabolomic strategies emerge between sexes, driving differ-
ences in their thermal tolerance and overall fitness under heat
stress. For estuarine species, which inhabit extremely dynamic
thermal environments (Costa and Costa 1999), and act as key
nodes in coastal food webs (Vinagre and Gastén 2024), such
integrative approaches are highly relevant. We highlight that
when ATP production is compromised under heat stress, or-
ganisms are left with insufficient resources to maintain vital
cellular processes, eventually leading to their death. Moreover,
we report a strong male-skewed vulnerability to ocean warm-
ing, underpinned by their lower ability to maintain homeosta-
sis, energy production or activate stress mitigation pathways
when compared to females. We call for a greater effort in defin-
ing sex-specific patterns in thermal biology experiments, to be
able to draw where possible and applicable generalities (or lack
of) which can help drive our understanding of the ecology and
evolution of females and males of the same species. In addition,
integrating sex as a key biological variable will strengthen pre-
dictions on marine ectotherms' tolerance and ability to adapt to
an increasingly variable and harsh environment, particularly
when the molecular underpinnings of sexual variation are
elucidated.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (A) Map of Ria de Aveiro
with the sampling site (highlighted with a black dot and written in blue)
in the Mira channel (Costa Nova, Ria de Aveiro, Portugal—40°36’ 59.3”
N 8°44' 25.3” W) and (B) Water temperature recorded at the sampling
site between May 2022 and October 2022: temperatures were recorded
every 30min with EnvLoggers. Figure S2: (A) Acclimation capacity
calculated as the difference between individual CTmax values at each
acclimation temperature (21°C, 26°C and 31°C) and the mean CTmax at
16°C, shown for females and males. Different letters indicate significant
differences among temperatures within each sex (uppercase for females
and lowercase for males); asterisks indicate significant differences be-
tween sexes and (B) Coefficient of variation (CV %) of CTmax across
acclimation temperatures for females and males. Figure S3: Principal
Component Analyses (PCA) plots displaying the PC1 and PC2 of the tar-
geted metabolome (47 metabolites) of Gammarus locusta comparing (A)
tested temperatures (16°C, 21°C, 26°C, and 31°C) and the (B) females
and males. Points represent individuals. Ellipses show 95% confidence
intervals. Variance contribution is given on the axes. Figure S4: Log,-
transformed mean abundances of metabolites that are differentially
accumulated (according to Limma tests) in G. locusta adults between
females and males after 21 days of exposure in all temperatures. Dots in
the boxplots represent the individual data. Figure S5: Log,-transformed
mean abundances of metabolites that are differentially accumulated
(according to Limma tests) in G. locusta adults between (A) 16°C and
26°C, and (B) 16°C and 31°C after 21 days of exposure. Dots in the box-
plots represent the individual data. Figure S6: Log,-transformed mean
abundances of metabolites that are differentially accumulated (accord-
ing to Limma tests) in G. locusta adults between females and males
at: (A) 16°C, (B) 21°C, and (C) 26°C after 21 days of exposure. Dots in
the boxplots represent the individual data. Table S1: List of all 49 me-
tabolites analysed in this study, including their compound identifiers,
chemical classification, and associated biological pathways. For each
metabolite, we provide the Metabolite ID, chemical taxonomy based
on classification in the Human Metabolome Database (HMDB), corre-
sponding KEGG and HMDB accession numbers, and the primary biolog-
ical pathways in which the metabolite is involved. Table S2: Summary
of precursor ions, product ions, retention time, and QQQ parameters for
each compound in positive mode (left) and negative mode (right). These
tables were provided by the analytical facility Laboratoires Iso-BioKem
(Rimouski, QC, Canada). For some compounds, multiple ion transitions
(e.g., quantifier and qualifier ions) are listed to enhance detection confi-
dence and accuracy; however, each metabolite was only counted once in
subsequent data analyses. Table S3: List of stock metabolites manufac-
turers and corresponding KEGG identifiers for positive analysis (left)
and negative analysis (right). Table S4: Summary of CTmax (Critical
Thermal Maximum) values (minimum, maximum and mean+SD),
CV (Coefficient of Variation), TSM (Thermal Safety Margin), where
TSM is the difference between CTMax mean from each treatment and
MHT (Maximum Habitat Temperature), Acclimation capacity (CTMax
treatment—CTMax optimum temperature—16°C), ARR (Acclimation
Response Ratio) for temperatures tested in females and males of the
amphipod Gammarus locusta. Table S5: Summary of the area under
the curve (AUC) and associated p-values resulting from sparse partial
least square discriminant analyses (sPLS-DA) AUROC curves for the
SsPLS-DA represented in the main manuscript (Figure 4). Component
1 and 2 refer to the first and second latent variables extracted by the
SPLS-DA model, which are linear combinations of metabolites that
maximise group separation. The AUROC values indicate the discrim-
inatory ability of each component individually for the classification of
treatment or sex groups. Statistical significance was assessed using per-
mutation tests, with p-values <0.05 considered significant. Table S6:
List of differentially abundant metabolites (DAMs) (padj. <0.05 and 0.1)

between sex and among all temperatures in G. locusta resulting from a
Limma analyses. Table S7: List of differentially abundant metabolites
(DAMs) (padj. <0.05 and 0.1) between sex within temperature in G. lo-
custa resulting from a Limma analyses.

20 of 20

Global Change Biology, 2026

85U801 7 SUOWIWIOD BAIERI 3(edl|dde auy Aq peusenob ake sap e YO ‘8sn Jo sajni Joj Akeid1Taul|uo A8|IA UO (SUONIPUOO-pUe-SWBIALI0O" A3 1M AR 1 BUI|UO//ScIY) SUOTIPUOD PUe SWLB | 8L 88S *[9202/60/7T] Uo Aeiqiauliuo A8]im ‘9egend na 1Beys.eAluN- bndeld Aq 0560. GOB/TTTT 0T/I0p/W00 A8 1M Aeiq Ul |uo//Sdiy Wwoy pepeoiumod ‘9 ‘9202 ‘98v2S9ET


https://doi.org/10.1038/s41375-021-01189-2
https://doi.org/10.1038/s41375-021-01189-2

	These Boots Are Made for Walking: Sex-Specific Physiological and Metabolomic Strategies Reflect Male-Skewed Vulnerability to Ocean Warming in a Keystone Amphipod
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Study Area and Field Environmental Data Collection
	2.2   |   Specimens' Collection, Transport and Husbandry
	2.3   |   Experimental Design, System and Protocol
	2.4   |   Survival
	2.5   |   Upper Thermal Tolerance Limits, Heat Tolerance Plasticity and Thermal Safety Margins
	2.6   |   Quantification of Reproductive Output and Juveniles' Body Length Measurement
	2.7   |   Characterisation of Metabolomic Profiles
	2.8   |   Data Analyses and Bioinformatics
	2.8.1   |   Survival
	2.8.2   |   CTmax
	2.8.3   |   Reproductive Output and Juveniles Body Length
	2.8.4   |   Targeted Metabolomics Data


	3   |   Results
	3.1   |   Survival
	3.2   |   Upper Thermal Tolerance Limits, Heat Tolerance Plasticity and Thermal Safety Margins
	3.3   |   Reproductive Output and Juveniles Body Length
	3.4   |   Metabolomic Profiles in Response to Sex and Temperature
	3.5   |   ATP:ADP Ratio

	4   |   Discussion
	4.1   |   Sexual Dimorphism: From Metabolites to Physiology
	4.2   |   From Divergence to Convergence: How Temperature Modulates Sex-Based Physiological Strategies
	4.3   |   Linking Sex-Specific Thermal and Metabolomic Plasticity With Fitness Outcomes

	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


