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ABSTRACT
Global warming is increasingly exposing shallow coastal habitats to extreme temperatures, with important consequences for 
associated fish communities. Eelgrass (Zostera marina), the most widespread seagrass in northern temperate regions, forms 
extensive meadows that provide nursery habitats, foraging opportunities, and refuge for a high diversity of coastal fishes. During 
intensifying marine heatwaves, these species are increasingly exposed to acute thermal stress. Upper thermal tolerance and 
short-term acclimation capacity may determine which species persist or decline in warming eelgrass ecosystems, yet interspe-
cific differences remain poorly understood. To address this gap, we experimentally exposed 12 wild-caught fish species inhab-
iting eelgrass habitats in summer to two temperatures, Ambient (19°C) and Heatwave (23°C), representing current conditions 
on the Swedish Skagerrak coast (North Sea). We quantified critical thermal maxima (CTmax) as a proxy for acute upper thermal 
tolerance and assessed species' short-term acclimation capacity following 5 days of exposure to a simulated marine heatwave. 
Most species increased their thermal tolerance, but both baseline thermal tolerance and acclimation response ratio (ARR) varied 
markedly among taxa. Juvenile Atlantic cod, whiting, and European plaice showed the lowest thermal tolerance and weakest 
ARR, suggesting limited capacity to rapidly buffer acute warming at the tested temperatures and a greater reliance on behavioral 
avoidance. In contrast, sedentary species such as gobies and pipefishes exhibited high thermal tolerance with moderate plas-
ticity, whereas wrasses showed moderate tolerance but the strongest short-term acclimation capacity. Temperature records from 
regional eelgrass meadows revealed summer conditions approaching or exceeding the upper thermal limits of several species 
examined. Together, these results demonstrate pronounced interspecific variation in thermal tolerance and short-term acclima-
tion capacity among fishes occupying eelgrass habitats. This suggests that species-specific physiological limits and plasticity are 
likely to influence responses to marine heatwaves and reshape eelgrass fish assemblages under climate change.

1   |   Introduction

Seagrass meadows rank among the most productive ecosys-
tems on Earth, providing essential nursery habitats for juvenile 
fishes and supporting coastal biodiversity (Beck et  al.  2001; 
Heck Hay et  al.  2003; Lefcheck et  al.  2019; McDevitt-Irwin 

et  al.  2016; Orth et  al.  2006) Yet, anthropogenic climate 
change is exposing these habitats and their fish assemblages 
to warming and extreme thermal events that threaten ecolog-
ical functioning (Oliver et al. 2018; Smale et al. 2019). Marine 
heatwaves, discrete periods (≥ 5 days) of anomalously high 
seawater temperature (Hobday et al. 2016; Smith et al. 2023), 
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have increased in frequency, intensity and duration, posing 
a pervasive threat to marine biodiversity worldwide (Calvin 
et  al.  2023; Cheng et  al.  2025; Wernberg et  al.  2025). These 
extreme events can cause widespread impacts on seagrasses 
and associated fauna, particularly species with strong habi-
tat specificity (Brijs et al. 2025; Garrabou et al. 2009; Gómez-
Gras et al. 2025; Olsen et al. 2022; Smith et al. 2024; Strydom 
et al. 2020).

The North Sea is among the fastest-warming marine regions, 
experiencing record-breaking sea surface temperatures with 
anomalies reaching +4°C (Mohamed et al. 2025). Many spe-
cies in this region live near the edge of their thermal toler-
ance, making them particularly sensitive to further warming 
(Smale et al. 2019). Species' responses to warming are shaped 
by their upper thermal limits and their capacity for rapid accli-
mation (Gunderson and Stillman 2015; Seebacher et al. 2015). 
Thermal tolerance constrains species' geographic distribu-
tions and large-scale biogeographic patterns, thereby influ-
encing community composition (Sunday et al. 2012). Extreme 
events such as marine heatwaves can shape population per-
sistence, particularly for species occupying the warm edges of 
their distributions (Sunday et al. 2019). When environmental 
temperatures outpace acclimation, individuals can lose motor 
control and no longer escape heat (Fry 1947; Jutfelt et al. 2024; 
McKenzie et al. 2021).

This threshold is commonly quantified as the critical thermal 
maximum (CTmax), a widely used measure of acute thermal toler-
ance and acclimation capacity in fishes (De Bonville et al. 2025; 
Desforges et al. 2023; Lefevre et al. 2021; Madeira et al. 2012; 
Messmer et  al.  2017; Moyano et  al.  2017; Raby et  al.  2025; 
Vinagre et al. 2016). Metrics such as acclimation response ratio 
(ARR) and thermal tolerance gain (TTgain) further quantify the 
rate and magnitude of thermal acclimation following exposure 
to elevated temperatures (Claussen  1977; Morley et  al.  2019). 
Through short-term acclimation, phenotypic plasticity can shift 
thermal limits and partially buffer individuals against warm-
ing (Brett  1952; Seebacher et  al.  2015). However, species and 
lifestages differ in both the rate and capacity for acclimation, 
complicating predictions of vulnerability and community re-
organization under climate change (Burton and Einum  2025; 
Gómez-Gras et al. 2025; Jutfelt et al. 2024). Understanding these 
interspecific differences is therefore critical for predicting eco-
logical responses to intensifying marine heatwaves.

In addition to physiological plasticity, many fishes can buffer 
short-term warming through behavioral thermoregulation, 
such as relocating to cooler waters (Brett 1952; Huey et al. 2012). 
However, the ability to avoid thermal stress depends on species 
mobility, life-history strategy, and habitat association (Seebacher 
et al. 2015; Sunday et al. 2019). Migratory or mobile species may 
escape unfavorable conditions, whereas resident or habitat-
specialist species may be constrained to local environments and 
rely more on physiological acclimation.

Shallow coastal habitats often experience high thermal vari-
ability, meaning that thermal exposure can differ from, and 
often exceed, modeled regional climate trends (Helmuth 
et al. 2016). Eelgrass (Zostera marina), the most widespread sea-
grass in northern temperate regions, exemplifies such habitats 

(Short 2003; Yu et al. 2023). It forms extensive subtidal mead-
ows that support diverse fish assemblages, including shallow-
water generalists (e.g., wrasses, gobies, sticklebacks), sedentary 
specialists (e.g., pipefishes and some gobies), and juvenile mi-
grants such as gadids (codfishes) and flatfishes that use eelgrass 
as nursery habitat (Perry et al. 2018; Pihl and Wennhage 2002). 
Temperature regimes within eelgrass meadows are shaped by 
depth, hydrodynamics, and exposure, creating local microcli-
mates that can amplify thermal variability (Hattich et al. 2025). 
However, long-term, high resolution temperature records from 
these habitats remain limited (Bertelli et  al.  2021; Plaisted 
et al. 2022), while evidence suggests that the ecological impacts 
of marine heatwaves depend strongly on local conditions and 
fine-scale habitat heterogeneity (Starko et al. 2024). This is be-
cause marine organisms respond to fine-scale variability rather 
than to environmental averages (Helmuth et al. 2014). As a re-
sult, the consequences of marine heatwaves on seagrass fish 
assemblages and their responses remain poorly understood 
(Robinson et al. 2022; Thalmann et al. 2024).

Furthermore, despite the extensive literature on fish thermal tol-
erance and acclimation, most studies have focused on single spe-
cies or a limited number of subtropical, temperate, and Antarctic 
species (Bilyk and DeVries 2011; De Bonville et al. 2025; Drost 
et  al.  2016; Mottola et  al.  2022; Peck et  al.  2014). Few studies 
have compared the capacity for rapid acclimation across mul-
tiple species co-occurring within the same habitat, where in-
dividuals experience similar environmental conditions. To our 
knowledge, no study has examined short-term acclimation ca-
pacity across fishes associated with seagrass habitats, limiting 
our understanding of which species have a greater ability to 
cope with rapid warming in these ecosystems.

Here, we experimentally quantified CTmax and short-term accli-
mation capacity in 12 fish species associated with eelgrass hab-
itats on the Swedish Skagerrak coast. We exposed wild-caught 
individuals to ecologically relevant ambient (19°C) and heat-
wave (23°C) temperatures for 5 days, after which we measured 
CTmax as the temperature at loss of equilibrium. We then quan-
tified their short-term acclimation capacity and further exam-
ined relationships with species' thermal distribution ranges. We 
also evaluated local thermal regimes using in situ logger records 
and historical temperature data to detect marine heatwaves 
and warming trends. We predicted that generalist species with 
warmer thermal niches would exhibit higher CTmax and greater 
acclimation capacity, whereas migratory species with narrower 
or colder ranges would show lower tolerance and limited plas-
ticity, indicating potential vulnerability to future marine heat-
waves in eelgrass habitats.

2   |   Materials and Methods

2.1   |   Animal Research Permit

The Swedish Board of Agriculture's ethical committee and the 
University of Gothenburg approved this experiment (Ethics 
Permit Dnr 5.2.18-01447/2022). It followed the regulations set by 
the Animal Welfare Body at the University of Gothenburg and 
the ARRIVE guidelines (Animal Research: Reporting of In Vivo 
Experiments; du Sert et al. 2020).
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2.2   |   Study Area and Fish Husbandry

The study was conducted between 15 July and 23 September 
2024, at the Kristineberg Marine Research Station, in the 
Gullmar Fjord on the Swedish Skagerrak coast (58.24983° N, 
11.44587° E; Figure S1). The fjord is connected to the North Sea 
and supports productive eelgrass meadows in shallow, semi-
sheltered areas.

Wild fish from 12 common temperate species occupying eel-
grass meadows were collected within 2 km of Kristineberg at 
depths of 1–4 m. These species represented six major families 
found in Nordic eelgrass meadows (Gadidae, Pleuronectidae, 
Labridae, Gasterosteidae, Gobiidae, and Syngnathidae; 
Table  1) and included shallow-water generalists, sedentary 
habitat specialists, and juvenile migratory species. Sample 
sizes varied among species due to natural differences in 
abundance and catchability of wild-caught individuals but 
accounted for using mixed-effects models. All fish were sam-
pled from this geographic location, representing co-occurring 
populations exposed to a shared local thermal environment. 
Mean seawater temperature during the collection period was 
18.9°C ± 1.2°C (mean ± SD; Figure  S1). Fish were captured 
using beach seines, baited traps, fyke nets, and hand nets 
while snorkeling and immediately transported to the research 
station.

Before the experiment, all fish were housed in a holding 
tank (1350 L, 275 × 79 × 62 cm [L × W × H]) supplied with 
flow-through filtered fjord seawater pumped from 7 m depth 
and acclimated to captivity for 1 week under ambient fjord 

temperatures (18.6°C ± 1.5°C, mean ± SD) and a 12:12 h 
light:dark photoperiod. They were fed once daily to satiation 
with thawed northern shrimp (Pandalus borealis) and brine 
shrimp (Artemia sp.), and tanks were cleaned daily to main-
tain water quality.

2.3   |   Experimental Design

Separate experiments were conducted for each species, exposing 
fish to two temperature treatments for 5 days to trigger a short-
term acclimation response. Each experiment consisted of five 
replicated tanks with seawater at 19°C (“Ambient”) and five at 
23°C (“Heatwave”). These temperatures reflect ecologically re-
alistic summer conditions on the Swedish Skagerrak coast based 
on high resolution in situ temperature records at 1 m depth at 
Kristineberg (https://​www.​weath​er.​loven.​gu.​se/​krist​inebe​rg/​
en/​).

The Ambient treatment was based on the mean daily maxi-
mum sea temperature from 1 June to 30 September for 2020–
2023 (18.6°C ± 1.9°C, mean ± SD), whereas the “Heatwave” 
treatment simulated a +4°C warming scenario based on 
recently reported temperature anomalies in the North Sea 
(Mohamed et al. 2025).

Experiments were conducted in a temperature-controlled 
room with centralized air and sea water heating. Tanks re-
ceived flow-through seawater adjusted to target tempera-
tures, which were monitored daily (18.8°C ± 0.3°C and 
22.8°C ± 0.2°C, mean ± S.D.; Thermometer Testo-112, Testo, 

TABLE 1    |    Metadata for study species and experimental design.

Study species and experimental design

Species Family Common name N/treat N/tank

Morphometrics

TL (mm) Mass (g) Life stage

Gadus morhua Gadidae Atlantic cod 9 1–2 103 ± 20 10.6 ± 6.0 J

Merlangius merlangus Gadidae Whiting 12 2–3 121 ± 9 13.4 ± 3.3 J

Gasterosteus aculeatus Gasterosteidae Three-spined 
stickleback

75 15 48 ± 4 1.0 ± 0.1 A

Gobius niger Gobiidae Black goby 35 7 82 ± 6 6.9 ± 0.5 J

Pomatoschistus 
flavescens

Gobiidae Two-spotted goby 105 21 39 ± 7 0.4 ± 1.9 A

Pomatoschistus minutus Gobiidae Sand goby 30 6 64 ± 58 1.8 ± 0.4 A

Ctenolabrus rupestris Labridae Goldsinny wrasse 20 4 95 ± 11 11.2 ± 6.5 A

Symphodus melops Labridae Corkwing wrasse 30 6 122 ± 8 24.5 ± 0.5 A

Pleuronectes platessa Pleuronectidae European plaice 35 7 52 ± 10 1.6 ± 3.7 J

Nerophis ophidion Syngnathidae Straightnose pipefish 15 3 208 ± 52 0.7 ± 9.1 A/J

Syngnathus acus Syngnathidae Greater pipefish 3 1 376 ± 35 24.2 ± 0.8 A

Syngnathus typhle Syngnathidae Broadnosed pipefish 15 3 144 ± 9 1.2 ± 0.9 A/J

Note: For life stage—A, adult; J, juvenile.
Abbreviations: Mass (g), mass in grams, mean ± SD; N/tank, number of fish per tank; N/treat, number of individuals per treatment; TL (mm), total length in 
millimeter, mean ± SD.
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Lenzkirch, Germany). Fish were randomly assigned to treat-
ments, and tank size was adjusted according to species: small 
glass tanks (45 L): 35 × 37 × 35 cm (L × W × H); big glass tanks 
(80 L): 38 × 60 × 35 cm. Tanks were dispersed throughout the 
room to minimize location effects and contained 2 cm of sand 
substrate and plastic seaweed, mussel shells, and PVC pipes 
for shelter. The feeding regime and photoperiod matched the 
holding period.

2.4   |   Testing of Acute Warming Tolerance (CTmax) 
on Fish

After the 5-day exposure, one CTmax trial was conducted per 
experimental tank (five per treatment), testing all fish from a 
tank simultaneously. Fish were fasted 24 h before trials (Raby 
et  al.  2025). CTmax was measured using a standardized test 
with temperature at loss of equilibrium (LOE) as the response 
variable for each individual fish (Beitinger et al. 2000; Morgan 
et al. 2018). LOE was a behavioral response defined as the fish's 
inability to maintain an upright position for 3 s.

Trials were conducted in a custom arena filled with water from 
the corresponding experimental tank. The CTmax arena was 
a plastic box (34 × 25 × 17 cm; ~14 L) divided into one small (a 
third of the box size) and one big compartment (two thirds) by 
a mesh. The smaller compartment contained the heating ele-
ments (a coil heater and a heating chamber), a submersible 
water pump for mixing and an air stone for aeration, while the 
larger compartment housed the fish. A 300 W coil heater was 
placed inside a custom-made cylindrical steel heating chamber, 
which was connected to the water pump (Eheim compactON 
1000 aquarium pump) for even heat distribution. The water 
pump was set to a minimum level, so fish did not have to swim 
actively. A larger box (41 × 30 × 25 cm; ~23 L) and a 500 W heater 
(Aqua Medic TH-500) were used for species with body sizes 
over 100 mm. The number of fish per trial ranged between 3 
and 20 depending on species size and availability (Table S1).

To start the test, all fish from one tank were placed into the 
arena and allowed to habituate for 10 min at the experimental 
temperature. Thereafter, the trial was started by plugging in 
the heater and the water temperature gradually increased at a 
rate of 0.3°C min−1 (thermal ramping curves and rates shown in 
Figure S2 and Table S2). To avoid observer bias, one person ob-
served the fish and identified LOE blinded from the thermome-
ter (Holman et al. 2015), while another person recorded the time, 
temperature, and ramping rate (Testo-112 Digital Thermometer, 
Lenzkirch, Germany) (Raby et al. 2025). The CTmax arena was 
drained and refilled between trials. Pilot trials were run to de-
fine species' LOE and were performed by the same observer for 
all trials of a given species.

At LOE, the CTmax was recorded, and each fish was imme-
diately transferred to a labeled jar with water at the original 
experiment temperature for recovery. After monitoring sur-
vival for 30 min, fish were lightly anesthetized (using 0.25 g/L 
Tricaine mesylate, MS222) to measure total length (mm), 
mass (g), and, when possible, life stage, and sex. The order 
of CTmax trials was randomized across treatments and per-
formed during daytime.

2.5   |   Data Analysis

All data analyses were conducted in R (v 4.4.2, R Core Team 
2024). Linear mixed-effect models were fitted using the lme4 
package (Bates et  al.  2015). The packages dplyr and ggplot2 
(Wickham  2016) were used for data wrangling and visual-
ization, and emmeans was used to obtain estimated marginal 
means and pairwise contrasts.

2.5.1   |   Upper Thermal Tolerance Across Species

CTmax was analyzed using a linear mixed-effects model with 
species, treatment group (Ambient vs. Heatwave), and their 
interaction as fixed effects, and CTmax trial as a random effect: 
lmer(ctmax ~ species × group + (1|trial)).

This model tested: (i) differences in Ambient CTmax among 
species (species effect), (ii) the overall effect of acclimation to 
elevated temperature (group effect), and (iii) species-specific 
differences in acclimation capacity (species × group interaction). 
Fish from the same tank were tested together within a CTmax trial 
for consistent thermal exposure within trials. Trial identity was 
included as a random effect to account for potential nonindepen-
dence among individuals. Due to complete mortality of Gadus 
morhua during exposure to the Heatwave treatment, CTmax was 
only measured for Ambient conditions for this species, and it was 
excluded from within-species acclimation contrasts. Estimated 
marginal means for each species × group combination and pair-
wise comparisons were obtained with emmeans.

2.5.2   |   Upper Thermal Tolerance Across Fish Families 
and Habitat Preference Guilds

To explore broad taxonomic patterns in upper thermal toler-
ance, we conducted additional analyses using species as the 
unit of replication. First, species-level CTmax (estimated mar-
ginal means from the mixed-effects model) for Ambient and 
Heatwave treatments were analyzed as a function of family 
(taxonomic level) using a linear model (lm(emmean ~ family)), 
followed by Tukey-adjusted pairwise comparisons.

We also analyzed CTmax across functional guilds, grouping spe-
cies based on habitat preference into juvenile migrants (JM), 
stationary specialists (SS), and shallow-water generalists (Perry 
et  al.  2018). Given the limited number of species per category 
(1–3), these analyses were considered exploratory.

2.5.3   |   Acclimation Responses Across Species

Acclimation capacity was quantified using thermal tolerance 
gain (TTgain), defined as the increase in thermal tolerance fol-
lowing acclimation (Fangue et al. 2014). For each species:

To compare short-term acclimation capacity among species, 
we calculated the acclimation response ratio (ARR), which ex-
presses the change in CTmax per °C of change in acclimation 
temperature (Morley et al. 2019). For each species:

TTgainspecies =mean CTmax,Heatwave −mean CTmax,Ambient
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where mean CTmax, Heatwave and mean CTmax, Ambient are the esti-
mated marginal means for each species and treatment obtained 
from the mixed-effects model and 4°C is the difference between 
treatments (23°C–19°C).

To visualise within-species variation in acclimation responses, 
we also calculated an individual-level ARR for fish exposed to 
the Heatwave treatment as follows:

where “mean CTmax, Ambient, Species” is the species' ambient CTmax 
baseline estimated as the marginal mean from the mixed-effects 
model. Negative ARR values were set to zero as they indicate no 
measurable acclimation capacity.

2.5.4   |   Eelgrass Summer Temperatures and Fish 
Distribution Ranges

To provide biogeographic context for the experimental results, 
thermal regimes of eelgrass habitats were compared with 
species-specific thermal distribution ranges and illustrated in 
Figure 3B. A reference eelgrass meadow with publicly available 
in situ sea temperature time-series data was selected for illus-
trating fine-scale habitat variability. It was located outside the 
Tjärnö Marine Laboratory, 72 km northwest from Kristineberg 
(58.87877 N, 11.13467 E), with a logger at 1.5 m depth, recording 
temperature in 5-min intervals (https://​snd.​se/​en/​catal​ogue/​
datas​et/​2024-​45; Jahnke et al. 2024). This site is shallower and 
more sheltered than Kristineberg (1–4 m depth) and therefore 
experiences higher temperatures than the fish collection site.

For 1 June to 30 September (2020–2023), negative values were 
filtered and data were aggregated to daily maximum tempera-
ture. For each day of the year, multiyear means and the min-
imum and maximum of daily maxima were calculated. The 
warmest period in the season was identified, and correspond-
ing multiyear mean, minimum, and maximum of daily maxima 
were used to define the thermal range of the reference eelgrass 
meadow. For each fish species, thermal limits (preferred and 
absolute) were obtained from AquaMaps' defined native ranges 
and environmental envelopes via FishBase. AquaMaps derive 
species-specific temperature envelopes from occurrence re-
cords (GBIF, OBIS) and expert-defined distributional ranges 
(https://​www.​aquam​aps.​org/​; Kaschner et al. 2019).

2.5.5   |   Upper Thermal Tolerance and Thermal Ranges

The relationship between species' maximum range tempera-
ture and their mean CTmax (after acclimation to 19°C) was ex-
plored using Pearson's correlation and simple linear regression.

2.5.6   |   Thermal Variability, Warming Trends, 
and Marine Heatwaves

To investigate longer trends in local summer temperatures, 
we used in  situ measurements of sea temperature from the 

Kristineberg weather station (https://​www.​weath​er.​loven.​gu.​
se/​krist​inebe​rg/​en/​), at 1 m depth in 5-min intervals available 
for 1996–2024, except 1997 and 2001–2006. Data from the 1 
June to the 30 September (referred to as “summer”) were ag-
gregated to daily maxima and used to calculate decadal aver-
ages. Trends in annual summer maxima were calculated with 
linear regression.

A 30-year climatology baseline is required for standard ma-
rine heatwave detection (Smith et al. 2025). Satellite-derived 
daily mean sea surface temperature (SST) was therefore ob-
tained from the NOAA Optimum Interpolation Sea Surface 
Temperature version 2.1 (NOAA OISST; Huang et  al.  2024; 
Reynolds et al. 2007), which has a spatial resolution of 0.25° 
(27 km) and extends back to 1982. Data were extracted for 
the grid cell nearest Kristineberg (58.125° N, 11.375° E). For 
1 January 1982 to 31 December 2024, temporal trends were 
modeled with linear regression. Marine heatwave frequency 
and cumulative intensity (°C and days) for each year were esti-
mated using the heatwaveR package (Schlegel and Smit 2018), 
following the definition from Hobday et al. (2016), with a 30-
year climatology baseline record (1982–2011). Marine heat-
wave frequency was modeled using a Poisson Generalized 
Linear Model (GLM) with robust (HC1) confidence intervals. 
Marine heatwave annual cumulative intensity (the sum of 
daily sea temperature anomalies across heatwave days within 
a year (°C·days); Oliver et  al.  2018) was modeled using a 
Gamma GLM with a log link and robust confidence intervals, 
with a log-transformed linear model and Newey-West correc-
tion when it did not converge. All trends were expressed per 
decade.

Finally, to assess if the long-term data sets were representative 
of eelgrass habitats, in situ daily SST means from Kristineberg 
and satellite SSTs were compared to in situ daily means from the 
reference eelgrass meadow in Tjärnö (described above) for the 
summers 2020–2023. Agreement among datasets was evaluated 
using Pearson correlations, mean bias, and root-mean-square 
error (RMSE).

3   |   Results

3.1   |   Upper Thermal Tolerance (CTmax) Across 
Species and Families

A linear mixed-effects model revealed strong effects of species 
(F = 123.23, p < 0.001) and temperature treatment (F = 540.91, 
p < 0.001) on CTmax, as well as a significant species × treatment 
interaction (F = 10.96, p < 0.001), indicating pronounced inter-
specific differences in upper thermal tolerance and species-
specific responses to short-term warming. Subsequent analyses 
using estimated marginal means are presented below.

3.1.1   |   Acclimation to 19°C

Under acclimation to 19°C, CTmax differed significantly among 
species (F = 94.3, p < 0.001; Figure 1; Table S4). Estimated mar-
ginal mean CTmax ranged from 27.8 in Gadus morhua to 33.4°C 
in Syngnathus typhle. Juvenile gadids (Gadidae) exhibited 

ARRspecies =
(

mean CTmax,Heatwave −mean CTmax,Ambient
)

∕4

ARRindividual =
(

CTmax,Heatwave,individual −mean CTmax,Ambient,Species
)

∕4

 30669200, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gcb4.70027 by G

oteborgs, W
iley O

nline L
ibrary on [21/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://snd.se/en/catalogue/dataset/2024-45
https://snd.se/en/catalogue/dataset/2024-45
https://www.aquamaps.org/
https://www.weather.loven.gu.se/kristineberg/en/
https://www.weather.loven.gu.se/kristineberg/en/


6 of 15 Global Change Biology Communications, 2026

the lowest thermal tolerance, followed by juvenile plaice and 
wrasses, whereas gobies, sticklebacks, and pipefishes showed 
higher CTmax values, with pipefishes (Syngnathidae) represent-
ing the most heat-tolerant family.

3.1.2   |   Acclimation to 23°C

Under acclimation to 23°C, CTmax also differed significantly 
among species (F = 71.51, p < 0.001; Figure  1; Table  S3). All 
juvenile G. morhua and 58.3% of the juvenile whiting (M. mer-
langus) died during the exposure period prior to CTmax testing 
(Table S4). Among surviving fish, whiting exhibited the lowest 
CTmax (29.9°C), whereas pipefishes reached values up to 34.5°C. 
The relative ranking of species under 23°C broadly mirrored that 
observed at 19°C, although the gobies P. flavescens and P. minu-
tus displayed slightly lower CTmax than the wrasses C. rupestris 
and S. melops.

3.1.3   |   Family-Level and Habitat-Preference Guilds

An exploratory family-level analysis indicated differences in CTmax 
under both Ambient (linear model, F = 15.11, p < 0.01; Table S5) and 
Heatwave conditions (linear model, F = 8.80, p < 0.05; Table  S6). 
Gadidae showed substantially lower CTmax (28.6°C ± 0.4°C, 
mean ± SE) than all other families, whereas Gasterosteidae and 
Syngnathidae were the most heat tolerant (≈33°C). Pleuronectidae, 
Labridae, and Gobiidae showed intermediate mean CTmax levels, 
with comparatively small and nonsignificant differences among 
these families. These patterns were also reflected when species 

were grouped by habitat preference, with CTmax differing sig-
nificantly among guilds at Ambient (F2,8 = 9.63, p = 0.007) and 
Heatwave (F2,8 = 12.35, p = 0.004) conditions. Juvenile migrants 
(including cod, whiting and plaice) showed lower CTmax than sta-
tionary specialists (pipefishes), while shallow-water generalists 
(gobies, sticklebacks and wrasses) showed intermediate values.

3.2   |   Acclimation Responses Across Species

3.2.1   |   Thermal Tolerance Gain (TTgain)

Species-specific contrasts revealed significant increases in 
CTmax following the short-term warming for all species with 
measurements in both treatments (all p < 0.02; Table  S7). 
TTgain varied nearly threefold among species, ranging from 
0.62°C to 1.94°C (Table S8). The largest gains were observed in 
C. rupestris (1.94°C), S. melops (1.89°C), N. ophidion (1.58°C), 
and G. niger (1.58°C), whereas juvenile gadids and plaice ex-
hibited comparatively weak responses. No TTgain could be 
estimated for G. morhua due to complete mortality in the 
Heatwave treatment.

3.2.2   |   Acclimation Response Ratio (ARR)

Full thermal acclimation (ARR = 1), equivalent to a 4°C in-
crease in CTmax, was not observed in any species after 5 days 
at 23°C. Species-level ARR values derived from estimated mar-
ginal means ranged from 0.13 to 0.48, showing partial but vari-
able short-term acclimation capacity among species (Figure 2; 

FIGURE 1    |    Upper thermal tolerance (CTmax) of 12 eelgrass-associated fish species following 5 days of acclimation to 19°C (Ambient; blue) or 23°C 
(Heatwave; orange). Colored points represent individual CTmax measurements and are jittered horizontally for clarity. Black points and error bars in-
dicate species means ± SE. Y-axis values show temperature in °C; X-axis values are shortened species names (left to right): Gadus morhua; Merlangius 
merlangus; Pleuronectes platessa; Ctenolabrus rupestris; Symphodus melops; Pomatoschistus flavescens; Pomatoschistus minutus; Gobius niger; 
Gasterosteus aculeatus; Syngnathus acus; Nerophis ophidion; Syngnathus typhle. Among families, Gast. = Gasterosteidae; Pleur. = Pleuronectidae.
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FIGURE 2    |    Acclimation response ratio (ARR) following 5 days of exposure to 23°C for 12 eelgrass-associated fish species. Colored points represent 
individual-level ARR values calculated for fish exposed to 23°C. Black points and error bars show species-level ARR mean ± SE. An ARR of 1.0 represents 
a complete thermal compensation. Gadus morhua did not survive the Heatwave treatment and ARR can therefore not be concluded for this species.

FIGURE 3    |    Summer sea temperatures in a temperate eelgrass (Zostera marina) meadow and fish species thermal distribution ranges. (A) Daily 
maximum seawater temperature in an eelgrass meadow at 1.5 m depth during the summer (the 1st of June to the 30th of September, 2020–2023). 
Green line: mean daily maximum across the four years; Shaded green ribbon: range between minimum and maximum daily maxima across years; 
Gray dotted horizontal lines: minimum and maximum of the daily mean during the warmest period (the 15th of June to the 1st of September). (B) 
Thermal distribution ranges of the species ordered by maximum preferred temperatures. Red and blue dots indicate preferred maximum and mini-
mum temperatures, respectively, while the gray segment indicates preferred temperature ranges. Red and blue ticks indicate absolute maximum and 
minimum temperatures, respectively. Vertical gray dotted lines at 19°C and 22°C highlight the current temperatures in eelgrass relating to panel A.
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Table  S8). Species exhibiting the highest ARR were primarily 
wrasses and sedentary taxa, whereas juvenile gadids and flat-
fish had the lowest values. Individual-level ARR values showed 
substantial within-species variation (Figure 2). Most individuals 
displayed positive acclimation responses, although some exhib-
ited ARR values near zero, indicating no measurable increase in 
CTmax. No ARR could be reported for G. morhua.

3.3   |   Eelgrass Summer Temperatures and Fish 
Distribution Ranges

Temperature records from the reference eelgrass meadow at 
Tjärnö revealed that the warmest seawater conditions occurred 
from 15 June to 1 September, when daily maximum tempera-
tures averaged 20.5°C, ranged between 19.0°C and 22.3°C, and 
frequently approached or exceeded 23°C (Figure  3A). Over 
the full summer period (1 June to 30 September), daily maxi-
mum temperatures followed a clear seasonal pattern, averaging 
19.3°C and ranging from 15.1°C to 22.3°C (Figure 3A), showing 
that this shallower eelgrass meadow reached extremes close to 
the treatments tested in the laboratory.

The species tested had substantially different thermal niches 
(Figure  3B). Most occupied broad thermal ranges spanning ap-
proximately 5°C–23°C, while some taxa, including the three-
spined stickleback and broadnosed pipefish, exhibited wider 
ranges extending to 25°C–28°C. In contrast, cod and plaice were 
restricted to cooler thermal environments, with their thermal en-
velopes having upper distribution limits around 19°C (Figure 3B).

For several species, preferred temperature maxima were below 
present summer temperatures measured in the reference eel-
grass habitat. Juvenile cod, whiting, plaice, two-spotted goby, 
three-spined stickleback, sand goby, and goldsinny wrasse, 
showed preferred temperatures in the range of ≈12°C–18°C, de-
spite absolute maxima indicating persistence at higher tempera-
tures. In contrast, corkwing wrasse, pipefishes, and black goby 
exhibited preferred temperatures within or above the summer 
range of regional eelgrass (≈19°C–21°C), with some species oc-
cupying waters exceeding 24°C (Figure 3B).

3.4   |   Upper Thermal Tolerance 
and Thermal Ranges

Mean CTmax increased with the absolute maximum tempera-
tures experienced across species' geographic distributions 
(R2 = 0.489, p < 0.05; Figure  4), indicating a moderate positive 
relationship in which species from warmer environments exhib-
ited higher upper thermal limits.

3.5   |   Thermal Variability, Warming Trends, 
and Marine Heatwaves

Long-term in situ measurements at Kristineberg (the fish collec-
tion site) indicated substantial warming of summer seawater tem-
peratures between 1996 and 2024, with annual daily maximum 
temperatures increasing by 2.6°C, equivalent to 0.92°C per decade 
(0.092°C year−1; 95% CI: 0.014°C–0.170°C year−1; R2 = 0.23, p < 0.05; 

Figure 5A). Seasonal patterns showed progressive warming from 
early June to late July or early August, followed by cooling through 
September. Decadal comparisons revealed that the most recent 
period (2020–2024) experienced the highest daily maxima, fre-
quently exceeding 20°C and occasionally surpassing 23°C.

Daily mean eelgrass temperatures were consistently higher 
than those measured at the dock or estimated from satellite data 
during summer (2020–2023; Figure 5B). Eelgrass temperatures 
exceeded Kristineberg's measurements by an average of 0.67°C, 
and satellite-derived SST by 1.76°C, with both offsets being sta-
tistically significant (one-sample t-tests on paired daily differ-
ences: p < 0.001 in both cases). Satellite SST showed a systematic 
cool bias relative to both in situ measurements (dock: −1.09°C, 
RMSE = 1.45°C; eelgrass: −1.76°C, RMSE = 2.25°C), although 
temporal variability was captured reasonably well (Pearson 
r = 0.86 for satellite vs. dock; r = 0.75 for satellite vs. eelgrass). 
Differences between eelgrass and satellite temperatures fre-
quently exceeded 4°C and reached a maximum of 5.82°C, indi-
cating that satellite SST substantially underestimates thermal 
extremes in shallow eelgrass meadows.

Satellite-derived SST further revealed a significant long-term 
warming in the summers and increasing marine heatwaves 
at Kristineberg between 1982 and 2024. Mean summer SST 
increased by 0.42°C per decade (95% CI 0.29–0.56; p < 0.001; 
Figure 5C). Marine heatwave frequency increased by 49% per 
decade (95% CI 28–73; p < 0.001; Figure 5D), corresponding to an 
additional 1.02 events per decade (95% CI 0.65–1.39; p < 0.001). 
Annual cumulative marine heatwave intensity increased by 
116% per decade (95% CI 49–212; p < 0.001; Figure 5E), equiv-
alent to 48.6°C·days per decade (95% CI 26.6–70.7; p < 0.001; 
Figure 5E), indicating a marked rise in total thermal exposure 
associated with marine heatwaves. Peak marine heatwave in-
tensity reached up to 6.8°C above the seasonal climatology 
(1982–2011), demonstrating that thermal anomalies exceed-
ing +4°C already occur in the study region. Maximum abso-
lute temperatures in the long-term satellite record gridded at 

FIGURE 4    |    Relationship between species' mean CTmax (at 19°C) 
and maximum temperatures of its predicted environmental envelope 
(AquaMaps; Kaschner et al. 2019). Each point represents the mean crit-
ical thermal maximum (CTmax) for a species under ambient conditions, 
with colors distinguishing species. The black line shows the fitted linear 
regression (±95% confidence interval in gray), indicating a positive as-
sociation between CTmax and range maximum temperature.
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Kristineberg reached 22.4°C, while in situ measurements from 
the reference eelgrass meadow frequently approached or ex-
ceeded 23°C during summer. Together, these observations in-
dicate that the experimental heatwave was consistent with both 
regional anomalies and locally observed thermal extremes on 
the Swedish west coast.

4   |   Discussion

This study provides the first comparative assessment of upper 
thermal tolerance and short-term acclimation capacity across 
multiple eelgrass-associated fish species, linking experimental 
physiology with regional warming and marine heatwave trends. 
Following a 5-day simulated heatwave, we found large differ-
ences in acute upper thermal tolerance and acclimation response 
ratio (ARR) across 12 fish species inhabiting summer eelgrass 
meadows on the Swedish West Coast. Although most species in-
creased their CTmax, the magnitude of acclimation differed mark-
edly. Cold-water juvenile migrants (e.g., Atlantic cod, whiting, 
and plaice) exhibited low acclimation capacity and high mortal-
ity during the heatwave, whereas warm-tolerant generalists and 
more sedentary species (e.g., three-spined stickleback, black goby, 
goldsinny wrasse, and corkwing wrasse) showed higher tolerance 
and greater plasticity.

Importantly, regional eelgrass meadows experienced summer 
temperatures that approach or exceed the preferred thermal 
ranges of several species studied. Juvenile gadids and flat-
fishes appear to occupy the warm edge of their thermal distri-
butions when using eelgrass meadows and adjacent sandflats. 
Given their limited capacity for rapid acclimation, these 
populations appear most vulnerable to exclusion from these 
habitats during intensifying heatwaves and may increasingly 
rely on behavioral habitat shifts to avoid short-term thermal 
stress. In contrast, wrasses exhibited the strongest acclima-
tion responses, whereas pipefishes showed the highest innate 
thermal tolerance.

All species showed CTmax values that exceeded the maximum 
temperatures of their modeled ecological thermal ranges 
(AquaMaps, Fishbase). This distinction was expected, as 
CTmax represents an acute physiological failure threshold, 
whereas thermal ranges reflect long-term physiological and 
ecological constraints shaped by performance, behavior and 
species interactions. In this context, ARR provided a com-
parative measure of the differences in short-term plasticity 
among species. As the experimental heatwave lasted 5 days, 
individuals may not have reached full acclimation, and addi-
tional gains in ARR could occur during prolonged heatwaves 
(De Bonville et al. 2025). Together, these findings suggest that 

FIGURE 5    |    Long-term summer sea surface temperature (SST) and marine heatwaves at Kristineberg (1982–2024). (A) Daily maximum SST 
at 1 m depth at Kristineberg (1 June to 30 September), grouped by decade: 1996–1999 (dark blue), 2000–2009 (light blue), 2010–2019 (orange), and 
2020–2024 (purple-red). Thin lines represent individual years; thick lines represent decadal means, and shaded ribbons show the interannual min-
imum–maximum range. Dashed horizontal lines indicate experimental temperature treatments (“Ambient” and “Heatwave”). (B) Daily mean SST 
(2020–2023) measured in situ within an eelgrass meadow at 1.5 m depth (Tjärnö; green), at the dock at 1 m depth at Kristineberg (purple-red), and 
from satellite SST (yellow). Shaded ribbons indicate the interannual minimum-maximum range. (C) Mean summer SST by year derived from satellite 
data, with linear trend and 95% CI; warming rate = 0.42°C·per decade (95% CI 0.29–0.56). (D) Annual frequency of marine heatwaves (MHWs) with 
fitted temporal trend and 95% CI; change = 49%·per decade (95% CI 28–73); (E) Annual cumulative MHW intensity with fitted temporal trend and 
95% CI; change = 116%·per decade (95% CI 49–212).
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intensifying marine heatwaves are likely to reshape eelgrass 
fish assemblages through differential physiological vulner-
ability in local populations and potential thermal exclusion 
from certain microhabitats.

4.1   |   Warming Eelgrass Habitats

During summer, temperatures at the fish collection site re-
mained below the experimental heatwave but approached the 
maximum preferred temperatures of the distribution range of 
several species. Long-term satellite-derived SST (1982–2025) 
and in situ records at Kristineberg showed increasing warm-
ing trends and marine heatwave intensity on the Swedish west 
coast. We detected a local ocean warming rate of ~0.42°C per 
decade, comparable to the rate for the North Sea (~0.38°C per 
decade, Mohamed et al. 2025), which itself is nearly four times 
higher than the global ocean average (~0.13°C per decade 
since 1982; Calvin et al. 2023; Von Schuckmann et al. 2024). 
Marine heatwave frequency and cumulative intensity also in-
creased, with a cumulative intensity change of 48.6°C·days per 
decade, which is about 10 times stronger than in the full basin 
at 4.23°C·days per decade (Mohamed et  al.  2025). Together, 
these results indicate substantial warming of nearshore 
coastal habitats.

Satellite-derived data underestimated nearshore temperatures 
by approximately 1°C–3°C on average, and up to 4°C–5°C 
during thermal extremes. This is consistent with previous re-
search showing that satellite products capture broad temporal 
variability reasonably well, but systematically underestimate 
thermal extremes in shallow habitats with restricted water 
exchange (Pearce et  al.  2006; Phinn et  al.  2018; Smale and 
Wernberg 2009). In eelgrass meadows, microhabitat conditions 
such as depth and hydrodynamics shape thermal exposure and 
can amplify temperature extremes (Hattich et al. 2025; Starko 
et  al.  2024). Such variability can disproportionately affect or-
ganismal performance relative to changes in mean temperature 
(Vasseur et  al.  2014), while also providing opportunities for 
behavioral thermoregulation and refugia (Sunday et  al.  2019). 
Consequently, the ecological impacts of marine heatwaves are 
likely to depend strongly on fine-scale habitat heterogeneity.

Shallow, sheltered eelgrass meadows often experience higher 
thermal variability and more frequent extremes than more 
exposed sites (Hattich et  al.  2025). This pattern was evident 
in our reference eelgrass meadow, where summer tempera-
tures frequently reached 22°C–23°C. As eelgrass meadows 
are rarely monitored at fine spatial scales, such extremes are 
likely underestimated in regional datasets. As a result, these 
important nursery habitats may experience more severe warm-
ing and marine heatwaves than suggested by coarse resolution 
observations.

4.2   |   Species-Specific Vulnerability to Marine 
Heatwaves

Species living close to their upper thermal distribution range 
limits showed the weakest short-term acclimation capacity and 
the greatest vulnerability to the simulated heatwave. Juvenile 

Atlantic cod suffered complete mortality at 23°C, while juvenile 
whiting showed high mortality and negligible acclimation despite 
higher survival. These results indicate that these juveniles may al-
ready live near their upper thermal limits and have little scope for 
additional warm acclimation (Ern et al. 2023; Jutfelt et al. 2024). 
However, while 23°C exceeded survivable conditions in this ex-
periment, this does not imply a lack of acclimation capacity at 
lower temperatures (Leeuwis et al. 2025; Norin et al. 2019).

Atlantic cod and whiting are cold-temperate demersal fishes 
whose juveniles (0–2 years) rely on shallow coastal nursery hab-
itats, shelter, and foraging (Heck Hay et al. 2003). Juvenile cod 
typically prefer temperatures below ~16°C and actively avoid 
warmer conditions through vertical migration (Bjornsson 2001; 
Claireaux et al. 1995; Freitas et al. 2016; Staveley et al. 2017), with 
similar preferences observed in whiting (Asciutto et  al.  2024; 
Calì et al. 2023). Our temperature analysis shows that eelgrass 
meadows routinely exceed these thresholds during summer, 
suggesting that juvenile gadids in the region may already avoid 
shallow eelgrass habitats during warm periods. Continued 
warming is likely to intensify such habitat exclusion, potentially 
reducing access to essential nursery areas (Freitas et al. 2016). 
Given that these species are also commercially important and 
undergoing distributional shifts (Engelhard et  al.  2014; Perry 
et al. 2005), limited short-term acclimation capacity may further 
constrain their persistence in warming coastal habitats. Juvenile 
European plaice showed higher thermal tolerance than juvenile 
gadids but low short-term acclimation capacity, indicating lim-
ited physiological buffering against thermal extremes. This pat-
tern aligns with previous work on juvenile flatfish (De Bonville 
et al. 2025) and suggests greater reliance on habitat shifting or 
substrate burial (Ziegler and Frisk 2019).

In contrast, shallow-water habitat generalists such as gobies 
and sticklebacks displayed comparatively high thermal toler-
ance and moderate acclimation capacity, consistent with their 
broader habitat use and previous estimates (Cowan et al. 2023; 
De Bonville et  al.  2025; Mottola et  al.  2022). These generalist 
species are among the most abundant fishes in eelgrass habitats 
and play key ecological roles as intermediate predators (Perry 
et al. 2018; Staveley et al. 2017). Three-spined sticklebacks, in 
particular, have increased in abundance under warming and eu-
trophication (Olin et al. 2022), while black gobies were the most 
heat tolerant and plastic gobies, suggesting these two species 
may benefit from ongoing environmental change.

Wrasses exhibited intermediate upper thermal tolerance, but 
the strongest short-term acclimation capacity, consistent with 
previous findings (De Bonville et al. 2025) and their broad ther-
mal niches and habitat flexibility across rocky reefs and seagrass 
meadows. Previous studies have documented strong plasticity and 
high performance in wrasses at temperatures exceeding those 
currently experienced in northern regions (Palma et  al.  2025; 
Yuen et al. 2019), although they may still experience stress under 
multiple environmental stressors (Perry, Tamarit, Morgenroth, 
et al. 2024).

Pipefishes showed the highest thermal tolerance but only 
moderate acclimation capacity. As relatively sedentary habitat 
specialists (Castejón-Silvo et  al.  2021), they may rely more on 
physiological tolerance than behavioral avoidance. The three 
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tested species all had preferred thermal maxima well above 
the simulated heatwave, and they are undergoing a north-
wards distribution range shift due to climate change (Monteiro 
et al. 2023). Their high thermal tolerance suggests they may per-
sist in warming eelgrass meadows, although limited plasticity 
could constrain responses to extreme events.

4.3   |   Interpreting CTmax and Short-Term 
Acclimation in an Ecological Context

Interspecific differences in CTmax and ARR may partly reflect 
reduced gains in thermal tolerance as species approach their 
upper physiological limits (Brett 1952; Doudoroff 1942; Fangue 
et  al.  2014; Sandblom et  al.  2016). Across the species studied, 
cold-affinity species occur near their upper range limits during 
summer, while warm-tolerant species occupy conditions within 
their modeled thermal optima. Theoretically, species or popula-
tions living above their optimal temperature have limited scope 
for further acclimation, whereas species living below their op-
timum retain greater plasticity (Ern et al. 2023). This likely ex-
plains the weak acclimation observed in our juvenile gadids and 
flatfishes, but it does not fully account for all patterns observed 
in the current study.

CTmax represents an acute upper thermal limit under rapid 
warming and does not directly predict tolerance to marine heat-
waves, which involve longer exposure and can induce cumula-
tive or sublethal effects (Ern et  al.  2023; Rezende et  al.  2014). 
As the impact of any stress depends both on intensity and du-
ration, it remains unclear if individuals with high tolerance to 
fast warming are also highly tolerant to slow warming (Åsheim 
et  al.  2020). Slow ramping during high temperatures may de-
crease the thermal safety margin, potentially due to more accu-
mulation of thermal injury (Åsheim et al. 2020; Ern et al. 2023). 
While some species increased thermal tolerance after the 
simulated heatwave, the extent to which repeated heatwaves 
enhance resilience or lead to cumulative stress remains unre-
solved. We observed partial retention of elevated thermal tol-
erance in Symphodus melops exposed to a heatwave and then 
returned to control temperature (Figure S3), losing more than 
half of the gain in CTmax. Such rapid loss of warm acclimation 
could indicate that “memory” of an earlier heatwave would only 
marginally benefit tolerance during subsequent heatwaves, un-
less they were very close in time. Together, these findings high-
light that the ecological relevance of CTmax and ARR depends on 
both temporal scale and environmental context.

Mean CTmax increased with the maximum temperatures from 
the species' modeled environmental envelopes (AquaMaps), 
although this relationship was moderate (R2 = 0.49), indicat-
ing substantial unexplained variation. Global analyses show 
that thermal limits are broadly associated with environmen-
tal extremes, but do not fully determine species distributions 
(Sunday et al. 2019). Finally, as the studied species represented 
co-occurring populations exposed to a shared local thermal en-
vironment, population-level variation and local adaptation may 
further contribute to interspecific differences, as documented 
in coastal fish populations in the Skagerrak (Faust et al. 2021; 
Green et  al.  2023; Henriksson et  al.  2023; Leder et  al.  2021; 
Perry, Tamarit, Sundell, et al. 2024).

4.4   |   Eelgrass Fish Assemblages Under Warming

Differential thermal tolerance and short-term acclimation ca-
pacity among fishes occupying eelgrass meadows suggest that 
warming will influence species composition and relative abun-
dance within these communities. Species living near the warm 
edge of their distribution range (e.g., juvenile gadids) may be-
come excluded from eelgrass nurseries during warm periods, 
whereas thermally tolerant generalist species may be favored. 
Declines in top predators and increases in mesopredatory fishes 
have already been documented in the Baltic Sea and on the 
Swedish West Coast (Baden et al. 2012; Olin et al. 2022). Globally, 
warming seagrass ecosystems show increasing dominance 
of warm-affinity species and poleward or depth distribution 
shifts, as well as ecosystem reorganization (Burrows et al. 2019; 
Casini et al. 2009; Cheung et al. 2013; Fodrie et al. 2010; Frank 
et al. 2005; Olin et al. 2022).

To conclude, our study demonstrates that eelgrass-associated 
fishes differ markedly in upper thermal tolerance and short-
term acclimation capacity, while showing that fine-scale habitat 
variability can expose individuals to higher thermal extremes 
than predicted by regional datasets. These combined effects are 
likely to drive shifts in eelgrass fish assemblages by favoring 
thermally tolerant species and constraining those living near 
their thermal limits.
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curves of CTmax trials for each species. Figure S3: CTmax of Symphodus 
melops following acclimation to a simulated heatwave and TTgain re-
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