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Developmental temperature
induces consistent patterns of
plasticity in lower, but not upper,
critical thermal limits in threespine
stickleback (Gasterosteus
aculeatus)

Brenna C.M. Stanford?*, Sara J. Smith® & Sean M. Rogers*2

Developmental plasticity, where early-life environmental cues shape developmental trajectories

with lasting impact into adulthood, may play an important role in determining how species respond
to changing thermal environments. We used marine threespine stickleback (Gasterosteus aculeatus)
to investigate whether temperature experienced during embryonic development has persistent
effects on critical thermal limits as adults. Egg clutches from six families of pure marine F2s were split
across three developmental temperatures (12 °C, 15.5 °C, and 22 °C), transitioned to 15.5 °C once
hatched, and reared to adulthood under common-garden conditions, before being assayed for critical
thermal minimum (CT _, ) and maximum (CT__ ). Developmental temperature was found to have
significant, persistent effects on CT_, , where the direction of change tracked rearing temperature
(i.e., CT ,, decreased as early life temperature decreased). While the extent of change (i.e., slope of
reaction norm) and inherent values (i.e., height of reaction norm) varied across families, all families
shared the same trend. In contrast, the effect of developmental temperature on CT, . was minimal,
with inconsistent patterns across families. The ability of marine stickleback to lower their CT,_.
through developmental plasticity may help maintain phenotype-environment match under changing
conditions; however, this will depend on congruence between early life and adult environments.

Temperature plays a substantial role in generating and structuring patterns of global biodiversity' . Adaptation
across evolutionary history has shaped species’ thermal tolerance and preference, contributing to the thermal
niches that they now occupy®*~”. However, increasing average temperatures, as well as fluctuations in temperature
extremes associated with climate change, are exposing species to temperatures outside of their historic norms®®.
With the intensity of these observed environmental changes only projected to increase'®!!, it is critical to
determine the mechanisms by which populations and species tolerate and adapt to thermal stresses'?~14.

Phenotypic plasticity, the ability of a genotype to give rise to different phenotypes depending on environmental
cues, is one mechanism by which organisms can rapidly adjust temperature-associated phenotypes in response
to their environment!*>!®. Thermally cued phenotypic plasticity has been observed in a broad range of traits
across species, including physiological processes such as metabolic rates!”!8, behavioural traits such as
thermoregulatory behaviour'®, and life-history traits such as reproductive timing?>?!. Ectothermic organisms,
whose body temperatures are largely dictated by environmental temperature, are particularly sensitive to
temperature changes and extremes”?>?*, Thermal limits in ectothermic species are complex traits which are
set by cellular, physiological, and behavioural inputs, and vary across species, sex, genetic background, and
evolutionary history*1%222425_In response to shifting thermal environments, ectothermic species have evolved
mechanisms to remain within their zone of tolerance!®. Ectotherms have even been found to be able to adjust
their thermal limits in response to thermal acclimation® through phenotypic flexibility, a form of phenotypic
plasticity distinguished by reversible changes in phenotype?”.
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A less investigated form of plasticity is developmental plasticity, where environmental cues experienced
early in life can result in different developmental trajectories, with potentially profound impacts on phenotype-
environment match throughout the lifetime of an organism?*%. If the early-life environment is reflective of
the adult environment, then this may ‘prime’ individuals, resulting in a fitness advantage3*-32. However,
developmental conditions may also constrain proper development, generating less fit phenotypes, or the
environment may change between early-life development and adulthood, resulting in phenotype-environment
mismatch?!. Notably, there is evidence that developmental plasticity may shape thermal limits, though
observations have differed between lower and upper thermal limits**. This may be due, in part, to different
‘physiological boundaries’ for upper and lower critical thermal tolerance, where the upper thermal limit of many
species is likely already close to their intrinsic limit***. While developmental temperature has been observed
to have long-term impacts on various phenotypes throughout the lifetime of ectotherms®>*, its influence on
shaping thermal tolerance remains poorly understood?®.

Threespine stickleback (Gasterosteus aculeatus) is a species that is well-suited for testing hypotheses of plasticity
and adaption. Following post-glacial range expansion, marine threespine stickleback exhibited widespread
colonization of freshwater and brackish habitats across the Holartic region®”-, highlighting their ability to
tolerate and adapt to novel environmental conditions such as parasites®, salinity’’, and temperature?®-3440:41,
Current marine threespine stickleback populations are largely considered ‘contemporary ancestors’ (but see*?
when compared to their derived freshwater counterparts and can be used to give insight on the characteristics
that allowed for such widespread distribution?®. They have also continued to adapt to marine environments*2,
which include variable thermal regimes**. Marine stickleback have been shown to be able to decrease their
lower thermal limits through rapid evolution®*, as well as through phenotypic flexibility as adults?, and increase
CT__ under simulated heat wave conditions*>. While egg temperature has been observed to have lasting impact
on adult phenotypes, including on gene expression and regulation*®*’, reproductive investment***°, and body
shape®, it remains unknown if thermal limits exhibit developmental plasticity.

Here, we investigated the impact of developmental plasticity on critical thermal limits. We exposed marine
threespine stickleback eggs to three distinct temperatures during development, then reared the hatched juveniles
to adulthood under common-garden conditions before assessing their upper and lower critical thermal tolerance.
Our objectives were to (i) determine if CT_, and/or CT_, _exhibit plasticity inducible by early developmental
cues, (ii) assess if the directionality of plasticity in CT,_; and CT___ mirrors the developmental temperature
treatment (i.e., decreased CT_; and CT___if developed at a cold temperature), and (iii) examine whether CT
and CT,___show similar levels of plasticity.

Methods

Wild stickleback collection and F1 crosses

Over 90 wild marine threespine stickleback were collected from Bamfield Inlet, Bamfield, Vancouver Island BC,
Canada (48°49°01.4"N 125°09°11.0"W) in June 2019 and held in flow-through seawater tanks at the Bamfield
Marine Science Centre (BMSC), Bamfield, Vancouver Island BC. Four F1 families were generated in August
2019, and eggs were developed in closed tanks of “brackish” salinity at 20 parts per thousand (ppt) for 14
days before fresh marine water was added from the Bamfield Inlet (approximately 30 ppt). Beginning at one-
week post-hatch, juveniles were fed live Artemia nauplii to satiation twice a day until they reached a length of
approximately 2 cm, before transitioning to Hikari bloodworms. In late February 2020, each F1 family was
tagged with a distinctive visible implant elastomer tag (Northwest Marine Technology, Inc.) and combined into
a large tank (N'="72) with the intention of rearing them to adulthood at this location. In response to COVID-19
restrictions, and to ensure the animals could be appropriately monitored, we transported all fish to the Life and
Environmental Sciences Animal Resource Centre (LESARC) at University of Calgary, Calgary, Alberta, Canada
in early June 2020. Fish were reared to adulthood in 30-gallon closed tanks (families randomly spread across
tanks in the same conditions) at 12-14 °C and 30 ppt (achieved with Instant Ocean” Sea Salt).

F2 crosses and experimental treatments

Independent F2 families were generated by crossing a male of one F1 family with a female of a different F1
family to create six families in mid- to late October 2020. Clutch size was determined by counting total number
of eggs with successful fertilization (i.e., blastodisc formation after about 20 min) and were split evenly across
divided 30-gallon tanks (30 to 40 eggs per family per treatment) at 20 ppt and held at three rearing temperatures
of 12 °C, 15.5 °C, and 22 °C using JBJ© Arctica 1/10 hp titanium aquarium chillers and Fluval” E50 electronic
heaters (Fig. 1). These temperatures were selected based on previous experiments that confirmed these are near
lower and upper limits for development without mortality for marine threespine stickleback?”**!. Two families
were reared in each tank and there were three replicate tanks for each treatment for a total of nine tanks (three
at each rearing temperature; Fig. 1). Eggs were checked daily until hatch and nonviable eggs were removed and
recorded. Once roughly 80% of the eggs had hatched, the 12 °C and 22 °C tanks were brought to 15.5 °C over 12
h (Fig. 1). Any unhatched eggs were removed and recorded. F2 fish were fed following the same regime as above
and were reared under these conditions until their experimental endpoint as adults (Fig. 1). Once the F2 fish
reached adulthood, they were given unique elastomer tags for identification so that individuals could be tracked
throughout the experimental trials.

Body size and weight measurements

Body weight (M; 0.01 g) (Ohaus’ Scout” SPX222) and standard length (SL; 0.1 cm) were measured before CT
and CT__ trials (at approximately 12 and 13 months post-hatch, respectively). These values were used to
calculate Fulton’s body condition (K), as previous studies have found correlation between this proxy of fitness
and thermal tolerance in other fish species®>2.
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Fig. 1. Experimental design. Six families of F2 marine threespine sticklebacks were generated and egg clutches
were split between three developmental temperatures of 12 °C, 15.5 °C, and 22 °C with two families per tank
(n=3 tanks per temperature). Once ~80% of eggs had hatched the 12 °C and 22 °C tanks were transitioned to
15.5 °C over about 12 h. At age 12 and 13 months, fish were assayed through thermal trials to determine their
maximum and minimum thermal limits.

Critical thermal trials

To determine the lower and upper thermal limits, critical minimum (CT ;) and maximum (CT,_ ) thermal
trials were conducted following methods outlined in®! @410 on the fish at one-year post-hatch. An average of
8-11 fish per family per developmental treatment were assayed for CT_, and CT___ (N = 177 fish; n,,..=63,
N5 5o=57, Ny=57). All trials were performed within approximately 40 days, with all fish undergoing the CT
trial first, recovering for at least 21 days, and then undergoing the CT , trial. To conduct the trials, 1000 mL glass
beakers were filled with 20 ppt water and placed across two experimental tanks. Each beaker was aerated with
an air stone and contained a digital thermometer (Cooper-Atkins DFP450W-0-8 Waterproof Reduced-Tip).
Fish were fasted for 24 h and acclimated in an individual beaker for 15 min before the trial started. Each trial
started at approximately 15.5 °C and then the temperature was decreased or increased at a rate of approximately
0.33 °C per minute. To do so, water was circulated from a header tank through the experimental tanks that was
chilled using a combination of JBJ© Arctica 1/10 hp titanium aquarium chillers, ice, and dry ice to test CT_ , or
heated using a combination of Fluval” E50 electronic heaters and boiled water to test CT__ . Once a fish reached
their sub-lethal thermal limit, characterized by a loss of equilibrium®?, they were removed from the beaker and
allowed to recover in a holding tank at 15.5 °C before being returned to their experimental tank. No mortalities
occurred during the trials.

Sex determination

At experimental endpoint, fish were euthanized using an overdose of clove oil and visually sexed during
dissection. Fin clips were taken for each fish, stored in 95% EtOH, and subset of samples (approximately 30%)
were genetically sexed to confirm visual results. To do so, DNA was isolated using a modified HOTSHOT
protocol®*> and amplified at the Idh locus via polymerase chain reaction (PCR)* with 100% agreement between
visual and genetic sex assignment.

Statistical analysis

All statistical analyses were completed using R v.4.6.0% in R Studio®®. One-way ANOVAs were used to test
if developmental temperature had a significant influence on days to hatch and percent of fertilized eggs that
survived to hatch. Thermal tolerance data was filtered to only contain fish that had experienced both thermal

trials. For each fish, Fulton’s body condition (K = £3 ) at time of CT . and CT_ _trial was calculated.
SL min max
Initial evaluation of distribution of response variables (CT, , and CT_ ) was done using the descdist and

fitDist functions of the fitdistrplus v.1.1-11°°. All response variables followed non-normal distributions so
tDist was run®®®! and the suitability of the best fit distributions was assessed using histDist from the gamlss
y g g
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v.5.4-20 package. Critical thermal tolerance values (CT . or CT, ) were fit with two complementary models,
with both models for CT _, best fit to the ex-Gaussian distribution, and CT,___best fit to the Weibull distribution.
First, to determine if developmental temperature induced significant shifts (i.e., developmental plasticity) in
CT_,, or CT___atthe population level, critical thermal tolerance values were fit with Model 1 (CT ~ treatment +
sex + body condition + random(family)), where body condition was at the time of trial, and family was included
as a random effect to account for the non-independence of siblings. To further investigate whether patterns
of plasticity were shared across genetic backgrounds, critical thermal tolerance values were fit with Model 2
(CT ~ treatment x family + sex + body condition), where family was treated as a fixed effect to test the effects of
developmental temperature within family i.e., as a proxy for same genetic background.

Residuals of all final models were visualized, with no models violating assumptions. For Model 2, pairwise
post-hoc contrasts with a Benjamini-Hochberg correction were conducted within family using emmeans from
the emmeans package v.1.10.0%2.

Results

Days to hatch and percent survival

Developmental temperature impacts days to hatch, with eggs developed at 12 °C requiring 15-16 days, 15.5 °C
requiring 10-11 days, and 22 °C requiring 6-7 days (one-way ANOVA, F(2, 6) =183, p<0.05). There was no
significant difference in percent of eggs hatched between the temperature treatments, with 93.9+6.9% hatch at
12°C, 92.2+4.0% hatch at 15.5 °C and 86.9 +7.8% hatch at 22 °C (mean + SD; one-way ANOVA, F(2, 15)=1.93,
p>0.05).

General patterns of CT_. andCT___
Upper and lower thermal tolerance was found to vary between families with the range of values shifting across
developmental temperatures (Table 1; Figs. 2A and B and 3). For fish developed at 12 °C, there was a range of
0.33 °C in average CT_; (-0.19+0.44 °C in family 3 to 0.14+0.32 °C in family 1) and 0.86 °C in average CT
(31.82+0.61 °C in family 2 to 32.68 +0.27 °C in family 6) between families (Table 1; Fig. 3). For fish developed
at 15.5 °C, there was a range of 0.92 °C in average CT_. (-0.14+0.56 °C in family 6 to 0.78 +0.39 °C in family 2)
and 1.28 °Cin average CT_, (31.54+0.73 °Cin family 2 to 32.82+0.35 °C in family 3) between families (Table 1;
Fig. 3). For fish developed at 22 °C, there was a range of 0.90 °C in average CT . (0.60+0.24 °C in family 6 to
1.30£0.92 °C in family 4) and 1.27 °C in average CT_ (31.48£0.48 °C in family 2 to 32.75+0.15 °C in family

4) between families (Table 1; Fig. 3).

Plasticity in CT ..

Developmental temperature shifted the range of values in lower thermal tolerance in the direction of the thermal
cue (Model 1: 12 °C vs. 15.5 °C: t=4.778, p<0.0001; 15.5 °C vs. 22 °C: t=5.788, p<0.0001; 22 °C vs. 12 °C:
t=10.768, p<0.0001) (Fig. 2A). Fish developed at 22 °Chad CT_, values that ranged from 0.1 °Ct0 2.9 °C, with a
mean of 0.94 +0.70 °C and fish developed at 12 °C ranged from — 0.9 °C to 1.1 °C with a mean of —0.025+0.49 °C
(Fig. 2A). Fish developed at 15.5 °C had an intermediate range of CT, . values that spanned from - 0.6 °C to
1.6 °C with a mean of 0.323+0.48 °C (Fig. 2A). This shift was reflected in the proportion of individuals with
CT_,, below 0 °C, which decreased from 49% in fish developed at 12 °C to 23% in fish developed at 15.5 °C and

Family | Developmental Temperature | Num. of Females | Num. of Males | Total Sample Size | Average CT . +SD ("C) | Average CT, +SD ("C)
12°C 4 6 10 0.14+0.32 32.25+0.61
1 15.5°C 5 4 9 0.40+0.27 31.99+0.86
22°C 5 5 10 1.18+£0.94 31.85+0.84
12°C 6 5 11 0.11+£0.39 31.82+0.61
2 15.5°C 7 4 11 0.78+0.39 31.54+0.73
22°C 3 5 8 0.81£0.55 31.48+1.02
12°C 8 3 11 -0.19+0.44 32.18+0.20
3 15.5°C 3 6 9 0.30+0.36 32.82+0.35
22°C 5 5 10 1.01£0.76 32.72+0.45
12°C 4 6 10 -0.03£0.51 32.24+0.72
4 15.5°C 7 4 11 0.25+0.37 32.48+0.53
22°C 3 7 10 0.60+0.24 32.53+0.67
12°C 5 6 11 -0.01+£0.63 32.25+0.96
5 15.5°C 2 6 8 0.26+0.42 32.01+0.71
22°C 4 5 9 1.30£0.92 32.47+0.67
12°C 5 5 10 -0.17+0.61 32.68+0.27
6 15.5°C 4 5 9 -0.14£0.56 32.24+0.41
22°C 3 7 10 0.77+0.41 32.75+£0.48

Table 1. Proportion of females and males, total number of samples, and mean + SD for CT .. and CT ..
(calculated combining females and males) per developmental temperature per family.
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Fig. 2. (A) Critical minimum (CT, ;) and (B) Critical maximum (CT,_ ) at each developmental temperature
treatment (12 °C, 15.5 °C, and 22 °C) for all families plotted with the median bounded by the 25th and 75th
quartiles and whiskers that extend to the furthest point or 1.5 times the inter-quartile range. Contrasts in
CTmm and CTmax between fish developed at 12 °C, 15.5 °C, and 22 °C are shown with the black lines, where
significance thresholds are indicated as *** p <0.001, ** p<0.01, * p <0.05, ns not significantly different.
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Fig. 3. Critical minimum (CT , ) and maximum (CT__ ) at each developmental temperature treatment
(12°C, 15.5°C, and 22 °C) within each family (N=6) plotted with the median bounded by the 25th and 75th
quartiles and whiskers that extend to the furthest point or 1.5 times the inter-quartile range. Benjamini-
Hochberg corrected contrasts in CT , and CT___between fish developed at 12 °C, 15.5 °C, and 22 °C within
each family are shown with the black lines, where significance thresholds are indicated as *** p <0.001, **
p<0.01, * p<0.05, and ns is not significantly different.

0% in fish developed at 22 °C (Fig. 2A). CT_. was not found to be associated with body condition (¢ = -1.386,
p=0.168). Males were found to have a slightly higher CT_, than females (t=2.310, p=0.0221).

Comparing across families (Model 2), developmental temperature was observed to induce consistent plastic
changes in CT _, , where fish developed at 12 °C had lower CT . than those developed at 22 °C in all families
(family 1: z = 24,070, p=0.0001; family 2: z = -3.789, p=0. 0003; family 3: z = -5.762, p<0.0001; family 4: z
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= —5.085, p<0.0001; family 5: z = —6.620, p <0.0001; family 6: z = —7.097, p<0.0001) (Fig. 3). These effects of
experiencing 12-22 °C throughout development on adult CT_; ranged from a minimal change of 0.63 °C (family
4:-0.030+0.51 °Cat 12 °C t0 0.60 +0.24 °C at 22 °C) to a maximal change of 1.31 °C (family 5: —=0.0091 +0.63 °C
at12°Cto 1.30£0.92 °C at 22 °C) (mean +SD) (Table 1; Fig. 3). The CT_,  of fish developed at 15.5 °C was never
below that of 12 °C fish or higher than that of 22 °C (Fig. 3), however, while consistent differences between fish
developed at 12-22 °C were observed, how these values shifted in comparison to fish developed at 15.5 °C varied

between families (Fig. 3).

Plasticity inCT,_

Unlike CT . , developmental temperature was found to only weakly shift the observed range of values for CT,
where the Towest CT,,, was 30.3 °C, 30.3 °C, and 30.4 °C, and the highest CT__ was 33.1 °C, 33.4 °C, and
33.5 °C for fish developed at 12 °C, 15.5 °C, and 22 °C, respectively (Fig. 2B). The proport10n of individuals at
the higher range of CT __values was seen to increase corresponding with developmental temperature, however,
this resulted in only a 0.1 °C increase in mean CT __, with mean values of 32.2+0.08 °C, 32.2+0.10 °C, and
32.3£0.11 °C for fish developed at 12 °C, 15.5 °C, and 22 °C, respectively (12 °C vs. 15.5 °C: t=0.437, p=0.663;
15.5 °C vs. 22 °C: t=3.314, p=0.001; 22 °C vs. 12 °C: t=3.905, p<0.0001) (Fig. 2B). Body condition was not
found to be associated with CT,_ (t=1.611, p=0.109). Sex was found to be associated with CT___, with males
and females having mean values of 32.4+0.68 °C and 32.1 +0.74 °C, respectively (¢ = -5.648, p < 0. 0001).

The effects of developmental temperature on CT, . were found to be inconsistent across families (Fig. 3).
When comparing CT,__ of fish developed at 22 °C compared to 12 °C, no change in CT_ _ was observed
for family 1 (z = -0.116, p=0.908), family 4 (z = -1.356, p=0.316), or family 6 (z = -2.094, p=0.073) (Fig. 3).
Differences were observed between 22 °C and 12 °C for family 2 (z = -4.009, p=0.0002), family 3 (z = -5.393,
p<0.0001), and family 5 (z = -3.110, p=0.0048), however, the direction of change in mean CT, _values between
these treatments was variable (Fig. 3). When compared to fish developed at 15.5 °C, development at 12 or 22 °C
had either no effect on CT,, (family 1 and 4), an effect only at 12 °C (family 3) or 22 °C (family 2 and 5), or an
effect of both 12 °C and 22 °C (family 6) (Fig. 3).

Discussion

In this study, we investigated the impact of developmental plasticity on critical thermal tolerance in adulthood
using controlled crosses of marine threespine stickleback. We found that developmental temperature (i.e.,
temperature experienced at the egg stage) significantly impacted days to hatch, but not survival. Developmental
temperature also had persistent effects on CT__ , influencing patterns more than a year later in the direction of
the developmental temperature (e.g., decreased CT_. from cooler developmental temperatures), where patterns
of plasticity were shared across all families tested. On the other hand, the effect of developmental temperature
on CTmax was minimal, with inconsistent effects across families. Collectively these results indicate that thermal
developmental plasticity plays a role in setting lower thermal tolerance, while its effect on upper thermal
tolerance in marine threespine stickleback appears minimal and family-specific.

The differences in the developmental plasticity between CT _and CT, . found here are consistent with
studies in other ectotherms. Thermal cues experienced early in life have previously been shown to result
in little to no change in CT__ 3% Aspects of CT . and CT__ have been correlated, such as in inherent
values'® and phenotypic ﬂe)(lblhty66 however, the dlvergent patterns observed here, and in previous research,
indicate that developmental plasticity within these traits may be shaped by interactions between behaviour and
physiology'>¢7. Marine threespine stickleback have phenotypic flexibility in both CT . and CT__and can alter
these values by several degrees in response to thermal acclimatation?®%>. However, the timing of physiological
remodelling may differ between cold versus heat stresses (e.g., slower acclimation response in oxidative muscle in
response to cold versus warm conditions in Oncorhynchus mykiss®®). As well, ectotherms have thermoregulatory
behavioural mechanisms available to either fully or partially compensate for the effects of thermal stress, and
they can use such mechanisms to remain within a zone of tolerance (below acute stress) for short windows of
time or until acclimatization occurs®. However, thermoregulatory behavioural mechanisms, such as selection
of time of day to be active and use of environmental heterogeneity'>’%’!, have less capacity to compensate for
cold body temperature compared to warm®. Additionally, high temperatures induce frantic movements within
most fishes such that they are more likely to move away from the thermal stressors, while colder temperatures
decrease movement, potentially further decreasing ability to behaviourally thermoregulate’>7>. These factors
can negatively impact the ability of fishes to escape cold stress, as well as increase the time exposed to cold
stress, potentially favouring mechanisms that can ‘prime’ individuals for these conditions®*-*2. In contrast,
marine threespine stickleback may maintain variability in CT,__between individuals, instead of predicting
that one phenotype will be advantageous over the other into adulthood’*73, where individuals with initially
low inherent CT__ can rapidly increase to values near physiological limits via thermal acclimation®. Such
inferences emphasize the importance of concurrently examining both low and high thermal stressors in fishes to
understand potential ecological impacts of thermal tolerance.

It is also possible that the patterns found here are the knock-on effects of processes modified to ensure
proper development across temperatures, rather than arising by selection acting on the phenotypes at the adult
stage31:357677 Temperature is seen to impact nearly all developmental processes, especially in ectotherms®>3,
and yet, successful development can occur over a range of temperatures’®. For example, we found that while
developmental temperature spanning 12 °C to 22 °C significantly altered time to hatch, it did not impact survival,
which aligns with previous research in marine threespine stickleback®. This shortened developmental period
under warmer conditions is largely the consequence of increased metabolic rate in ectothermic species®®’.
To compensate, embryos may alter pathways underlying metabolic processes (e.g., through epigenetic
reprogramming’®, which may have lasting impacts on factors influencing thermal tolerance such as metabolic
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rate’”’ and lipid composition®®. Regardless of the processes driving developmental plasticity within thermal
tolerance, thermal conditions experienced in early life expose phenotypic variation, especially for CT . , that
may be acted on by selection under future conditions”

Since thermal phenotypic plasticity may improve ﬁtness under thermal stress, it may also play a key role in
responses to climate change!>8!. Studies on ectothermic responses to climate change have mostly focused on
the effects of heat stress and have largely ignored cold stress®?, including those on developmental plasticity and
thermal tolerance*®%3-%5. However, it is the evolution of CT ;. and not CT___that has been shown to inform
marine threespine stickleback range distributions and evolution under climate projections!?. This is likely due to
the fact that adult marine threespine stickleback already have upper critical thermal limits higher than what they
are projected to experience under future climate change models for the west coast of North America!®. However,
increased environmental variability and extremes caused by climate change®?, as well as range shifts northwards,
may expose species to colder minimum temperatures than previously experienced!*®. As such, lower thermal
tolerance is an important consideration when characterizing different species’ response to climate change!®8284,

The ability of early-life temperature cues to shape adult phenotypes is highly dependent on conditions not
exceeding the thermal limits of eggs, which for many marine ectotherms, have a smaller window of tolerance
than adults®>*. For marine threespine stickleback, though adult CT___is above the temperatures forecasted in
climate projections'’, egg and juvenile stages may still be vulnerable to the effect of high or low temperatures.
Though embryos were seen here to be well tolerant of development at 22 °C, with other studies finding similar
patterns up to 24 °C*, hard limits may exist around 25 °C¥. While characterizing adult phenotypes is necessary
to understand how they may tolerate environmental change, it requires embryos and juveniles to have sufficient
plasticity to survive to adulthood®. Improved understanding of the capacity of plasticity to buffer thermal stress
at each life-stage is necessary to predict how species may react to climate change®¢-®.

Through developmental plasticity, marine threespine stickleback were found to be able to shift CT , by
approximately 1 °C into adulthood. This trend was driven by a shift in the range of CTmin values; specifically,
no individuals developed at 22 °C had a CT _; below 0 °C while those developed at 12 °C exhibited CT,;
limits as low as -0.9 °C, with approximately 50% of individuals exhibiting a CT_. below 0 °C. Dependmg on
environmental conditions, this phenotypic variation may result in individuals with varying fitness upon which
selection can act”%°, which may contribute to the rapid evolutionary rate of lower CT . observed in marine
threespine stlckleback34 As adult marine threespine stickleback in certain populations may already experience
temperatures close to 0 °C¥, the ability to adjust lower thermal limits through developmental plasticity and
phenotypic flexibility?® may play a role in response to future conditions under climate change, including
extreme weather events. To be beneficial though, the cues need to produce a phenotype that matches the
environmental conditions. Marine threespine stickleback eggs are laid in eelgrass beds®! that occupy shallow,
intertidal estuarine areas where the effects of climate change may be amplified®>**. If the thermal conditions
experienced in early life are not reflective of the environment experienced by adults this may lead to increased
phenotype-environment mismatch (e.g., warmer water in eelgrass beds cuing a higher CT ; when increased
cold stress will be experienced at the adult stage!®8332%4 Ultlmately, developmental plast1c1ty is just one of the
many factors, such as photoperiod and acclimation temperature?, that may shape CT . across an individual’s
life. Additionally, CT nin and CT , are only two traits that contribute to thermal tolerance. Overall, future studies
will benefit from investigating the impact of developmental plasticity on other thermally relevant traits under
different ecological conditions to better understand how species will respond to climate change.

In this study, we showed that the temperatures marine threespine stickleback experience in early life can
have persistent effects on setting critical thermal limits, particularly in CT_, . While determining critical
thermal limits, and the processes that shape them, are valuable contributions towards understanding a species’
response to environmental change!®®, it is important to remember that these values represent an organism’s
absolute physiological limits in response to acute thermal stress. These limits are set by the complex interaction
of internal and external factors (e.g., gene regulation throughout development’, genetic background'®, and
environmental conditions?® and there may be no single ‘best’ phenotype when considered in the context of other
traits that contribute towards response to temperature’>. Even if thermal developmental plasticity is found to
not alter critical thermal limits, it may have substantial effects on other traits®, such as swim performance®”’,
stress responses%, and thermal acclimation capacity . Ultimately, further research that characterizes individual
responses across multiple phenotypes’*”” is necessary to better understand how species’ have evolved to tolerate
environmental variability and how these mechanisms may impact response to future conditions.

min’

Animal care and ethics research statement

All procedures were approved by the University of Calgary Animal Care Committee under protocol AC17-0138.
Experiments were performed in accordance with all relevant institutional and national Canadian Council for
Animal Care guidelines and regulations for the care and use of animals in research. Permission and collection
permits were obtained, including a heritage investigation permit to conduct research in the territories of the
Huu-ay-aht First Nations (HFN 2020-003), licenses from the Department of Fisheries and Oceans (DFO) to
capture wild threespine stickleback (XR110 2020; XR134 202), an introduction and transfer certificates (ITC)
to move these fish to the Bamfield Marine Sciences Centre and to the University of Calgary (ITC 124714; ITC
121300), and a domestic transfer permit from the Canadian Food Inspection Agency (CFIA D2020-106825).
The University of Calgary held a Research Licence (#20-0108) from Alberta Environment and Parks Fish and
Wildlife to maintain fish in contained facilities at the Life and Environmental Science Animal Research Lab, in
compliance with the containment standards of the Canadian Food Inspection Agency (CFIA AQ 2020-0001-4).
All permits are available upon request.

Scientific Reports |

(2026) 16:36541 | https://doi.org/10.1038/s41598-026-73463-1 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

Data availability

All

data and code are accessible from the corresponding author and will be published in Dryad or equivalent

data repository.

Received: 22 July 2026; Accepted: 23 September 2026
Published online: 08 October 2026

Re
1

ferences

. Mayhew, P. ], Jenkins, G. B. & Benton, T. G. A long-term association between global temperature and biodiversity, origination and

extinction in the fossil record. Proc. Royal Soc. B: Biol. Sci. 275, 47-53 (2007).

2. Stegen,J. C., Ferriere, R. & Enquist, B. J. Evolving ecological networks and the emergence of biodiversity patterns across temperature
gradients. Proc. Royal Soc. B: Biol. Sci. 279, 1051-1060 (2011).

3. Tittensor, D. P. et al. Global patterns and predictors of marine biodiversity across taxa. Nature 466, 1098-1101 (2010).

4. Bennett, J. M. et al. The evolution of critical thermal limits of life on Earth. Nat. Commun. 12, 1198 (2021).

5. Ern, R. A mechanistic oxygen- and temperature-limited metabolic niche framework. Philosophical Trans. Royal Soc. B: Biol. Sci.
374, 20180540 (2019).

6. Rezende, E. L. & Bozinovic, F. Thermal performance across levels of biological organization. Philosophical Trans. Royal Soc. B: Biol.
Sci. 374, 20180549 (2019).

7. Sunday, J. M., Bates, A. E. & Dulvy, N. K. Thermal tolerance and the global redistribution of animals. Nat. Clim. Change. 2, 686-690
(2012).

8. Burrows, M. T. et al. The pace of shifting climate in marine and terrestrial ecosystems. Science 334, 652-655 (2011).

9. IPCC. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field,. C.B., V.R. Barros,
D.J. Dokken, K.J.] 1132 (2014). https://doi.org/10.1016/S0022-0248(00)00575-3

10. Smith, S.]J. S. et al. Evolution of thermal physiology alters the projected range of threespine stickleback under climate change. Mol.
Ecol. 31, 2312-2326 (2022).

11. Pigot, A. L., Merow, C., Wilson, A. & Trisos, C. H. Abrupt expansion of climate change risks for species globally. Nat. Ecol. Evol. 7,
1060-1071 (2023).

12. Huey, R. B. et al. Predicting organismal vulnerability to climate warming: roles of behaviour, physiology and adaptation.
Philosophical Trans. Royal Soc. B: Biol. Sci. 367, 1665-1679 (2012).

13. Somero, G. N. The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine ‘winners’
and ‘losers’ J. Exp. Biol. 213, 912-920 (2010).

14. Urban, M. C. et al. Improving the forecast for biodiversity under climate change. Science 353, aad8466 (2016).

15. Kelly, M. Adaptation to climate change through genetic accommodation and assimilation of plastic phenotypes. Philosophical
Trans. Royal Soc. B: Biol. Sciences 374, 20180176 (2019).

16. Whitman, D. W. & Agrawal, A. A. What is phenotypic plasticity and why is it important? in Phenotypic plasticity of insects (ed
Whitman, D. W.) 1-63 (Science, Enfield, USA, (2009).

17. Norin, T., Malte, H. & Clark, T. D. Differential plasticity of metabolic rate phenotypes in a tropical fish facing environmental
change. Funct. Ecol. 30, 369-378 (2016).

18. Pilakouta, N. et al. Multigenerational exposure to elevated temperatures leads to a reduction in standard metabolic rate in the wild.
Funct. Ecol. 34, 1205-1214 (2020).

19. Glanville, E. J. & Seebacher, F. Compensation for environmental change by complementary shifts of thermal sensitivity and
thermoregulatory behaviour in an ectotherm. J. Exp. Biol. 209, 4869-4877 (2006).

20. Bonamour, S., Chevin, L. M. & Charmantier, A. Phenotypic plasticity in response to climate change: the importance of cue
variation. Philosophical Trans. Royal Soc. B: Biol. Sci. 374, 20180178 (2019).

21. Messmer, D. J., Alisauskas, R. T., Poysd, H., Runko, P. & Clark, R. G. Plasticity in timing of avian breeding in response to spring
temperature differs between early and late nesting species. Sci. Rep. 11, 5410 (2021).

22. Huey, R. B. & Kingsolver, J. G. Evolution of thermal sensitivity of ectotherm performance. Trends Ecol. Evol. 4, 131-135 (1989).

23. Narum, S. R., Buerkle, C. A., Davey, . W,, Miller, M. R. & Hohenlohe, P. A. Genotyping-by-sequencing in ecological and
conservation genomics. Mol. Ecol. 22, 2841-2847 (2013).

24. Sandoval-Castillo, J. et al. Adaptation of plasticity to projected maximum temperatures and across climatically defined bioregions.
Proc. Natl. Acad. Sci. US.A. 117, 17112-17121 (2020).

25. Turko, A.J., Nolan, C. B., Balshine, S., Scott, G. R. & Pitcher, T. E. Thermal tolerance depends on season, age and body condition
in imperilled redside dace Clinostomus elongatus. Conserv. Physiol. 8, coaa062 (2020).

26. Gibbons, T. C., Rudman, S. M. & Schulte, P. M. Responses to simulated winter conditions differ between threespine stickleback
ecotypes. Mol. Ecol. 25, 764-775 (2016).

27. Piersma, T. & Drent, J. Phenotypic flexibility and the evolution of organismal design. Trends Ecol. Evol. 18, 228-233 (2003).

28. Pottier, P. et al. Developmental plasticity in thermal tolerance: Ontogenetic variation, persistence, and future directions. Ecol. Lett.
25, 2245-2268 (2022).

29. West-Eberhard, M. J. Developmental plasticity and the origin of species differences. Proc. Natl. Acad. Sci. U S A. 102, 6543-6549
(2005).

30. Beldade, P, Mateus, A. R. A. & Keller, R. A. Evolution and molecular mechanisms of adaptive developmental plasticity. Mol. Ecol.
20, 1347-1363 (2011).

31. Monaghan, P. Early growth conditions, phenotypic development and environmental change. Phil Trans. R Soc. B. 363, 1635-1645
(2008).

32. Nettle, D. & Bateson, M. Adaptive developmental plasticity: what is it, how can we recognize it and when can it evolve? Proc. Royal
Soc. B: Biol. Sci. 282, 20151005 (2015).

33. Abayarathna, T., Murray, B. R. & Webb, J. K. Higher incubation temperatures produce long-lasting upward shifts in cold tolerance,
but not heat tolerance, of hatchling geckos. Biol. Open. 8, bio042564 (2019).

34. Barrett, R. D. H. et al. Rapid evolution of cold tolerance in stickleback. Proc. Royal Soc. B: Biol. Sci. 278, 233-238 (2011).

35. Jonsson, B., Jonsson, N. & Hansen, M. M. Knock-on effects of environmental influences during embryonic development of
ectothermic vertebrates. Q. Rev. Biol. 97, 95-139 (2022).

36. Noble, D. W. A,, Stenhouse, V. & Schwanz, L. E. Developmental temperatures and phenotypic plasticity in reptiles: a systematic
review and meta-analysis. Biol. Rev. 93, 72-97 (2018).

37. Bell, M. A. A late miocene marine Threespine stickleback, Gasterosteus aculeatus aculeatus, and its zoogeographic and evolutionary
significance. Am. Soc. Ichthyologists Herpetologists. 1977, 277-282 (1977).

38. Walker, J. A. & Bell, M. A. Net evolutionary trajectories of body shape evolution within a microgeographic radiation of threespine
sticklebacks (Gasterosteus aculeatus). J. Zool. 252, 293-302 (2000).

39. Weber, J. N. et al. Evolutionary gain and loss of a pathological immune response to parasitism. Science 377, 1206-1211 (2022).

Scientific Reports|  (2026) 16:36541 | https://doi.org/10.1038/s41598-026-73463-1 nature portfolio


https://www.nature.com/scientificreports
https://doi.org/10.1016/S0022-0248(00)00575-3

www.nature.com/scientificreports

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gibbons, T. C., Metzger, D. C. H., Healy, T. M. & Schulte, P. M. Gene expression plasticity in response to salinity acclimation in
threespine stickleback ecotypes from different salinity habitats. Mol. Ecol. 26, 2711-2725 (2017).

Morris, M. R. J. Plasticity-mediated persistence in new and changing environments. Int. J. Evolutionary Biology. 2014, 416497
(2014).

Morris, M. R. ., Bowles, E., Allen, B. E., Jamniczky, H. A. & Rogers, S. M. Contemporary ancestor? Adaptive divergence from
standing genetic variation in Pacific marine threespine stickleback. BMC Evol. Biol. 18, 113 (2018).

Wund, M. A, Valena, S., Wood, S. & Baker, J. A. Ancestral plasticity and allometry in threespine stickleback reveal phenotypes
associated with derived, freshwater ecotypes. Biol. J. Linn. Soc. 105, 573-583 (2012).

Witman, J. D., Pershing, A. J. & Bruno, J. F. Smooth and spiky: The importance of variability in marine climate change ecology.
Annu. Rev. Ecol. Evol. Syst. 54, 129-149 (2023).

Mottola, G., Lopez, M. E., Vasemigi, A., Nikinmaa, M. & Anttila, K. Are you ready for the heat? Phenotypic plasticity versus
adaptation of heat tolerance in three-spined stickleback. Ecosphere 13, e4015 (2022).

Metzger, D. C. H. & Schulte, P. M. Persistent and plastic effects of temperature on DNA methylation across the genome of threespine
stickleback (Gasterosteus aculeatus). Proc. Royal Soc. B: Biol. Sci. 284, 20171667 (2017).

Metzger, D. C. H. & Schulte, P. M. Similarities in temperature-dependent gene expression plasticity across timescales in threespine
stickleback (Gasterosteus aculeatus). Mol. Ecol. 27, 2381-2396 (2018).

Fuxjager, L. et al. Within-generation and transgenerational plasticity of mate choice in oceanic stickleback under climate change.
Philosophical Trans. Royal Soc. B: Biol. Sci. 374, 20180183 (2019).

Shama, L. N. S. & Wegner, K. M. Grandparental effects in marine sticklebacks: transgenerational plasticity across multiple
generations. J. Evol. Biol. 27, 2297-2307 (2014).

Ramler, D., Mitteroecker, P, Shama, L. N. S., Wegner, K. M. & Ahnelt, H. Nonlinear effects of temperature on body form and
developmental canalization in the threespine stickleback. J. Evol. Biol. 27, 497-507 (2014).

51. Shama, L. N. S. et al. Transgenerational effects persist down the maternal line in marine sticklebacks: gene expression matches
physiology in a warming ocean. Evol. Appl. 9, 1096-1111 (2016).

52. Robinson, M. L., Gomez-Raya, L., Rauw, W. M. & Peacock, M. M.. Fulton’s body condition factor K correlates with survival time in
a thermal challenge experiment in juvenile Lahontan cutthroat trout (Oncorhynchus clarki henshawi). J. Therm. Biol. 33, 363-368
(2008).

53. Becker, C. D. & Genoway, R. G. Evaluation of the critical thermal maximum for determining thermal tolerance of freshwater fish.
Environ. Biol. Fish. 4, 245-256 (1979).

54. Archambeault, S. L., Bartschi, L. R., Merminod, A. D. & Peichel, C. L. Adaptation via pleiotropy and linkage: Association mapping
reveals a complex genetic architecture within the stickleback Eda locus. Evol. Lett. 4, 282-301 (2020).

55. Meeker, N. D., Hutchinson, S. A., Ho, L. & Trede, N. S. Method for isolation of PCR-ready genomic DNA from zebrafish tissues.
BioTechniques 43, 610-614 (2007).

56. Peichel, C. L. et al. The master sex-determination locus in threespine sticklebacks is on a nascent Y chromosome. Curr. Biol. 14,
1416-1424 (2004).

57. R Core Team. A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2022).

58. Posit team. RStudio: Integrated Development Environment for R. (2026).

59. Delignette-Muller, M. L. & Dutang, C. fitdistrplus: An R Package for Fitting Distributions. J. Stat. Softw. 64, 1-34 (2015).

60. Rigby, R. A. & Stasinopoulos, D. M. Generalized additive models for location, scale and shape. J. Royal Stat. Soc. Ser. C: Appl. Stat.
54, 507-554 (2005).

61. Stasinopoulos, D. M. & Rigby, R. A. Generalized additive models for location scale and shape (GAMLSS) in R. ] Stat. Soft 23, 1-46
(2007).

62. Lenth, R. & emmeans Estimated Marginal Means, aka Least-Squares Means. (2024).

63. Haskett, H., Gill, L., Spicer, J. I. & Truebano, M. The embryonic thermal environment has positive but weak effects on thermal
tolerance later in life in the aquatic invertebrate Gammarus chevreuxi. Mar. Environ. Res. 195, 106350 (2024).

64. Healy, T. M., Bock, A. K. & Burton, R. S. Variation in developmental temperature alters adulthood plasticity of thermal tolerance
in Tigriopus californicus. J. Exp. Biol. 222, jeb213405 (2019).

65. van Heerwaarden, B., Kellermann, V. & Sgro, C. M. Limited scope for plasticity to increase upper thermal limits. Funct. Ecol. 30,
1947-1956 (2016).

66. Gunderson, A. R. & Stillman, J. H. Plasticity in thermal tolerance has limited potential to buffer ectotherms from global warming.
Proc. Royal Soc. B: Biol. Sci. 282, 20150401 (2015).

67. Llewelyn, J., Macdonald, S., Hatcher, A., Moritz, C. & Phillips, B. L. Thermoregulatory behaviour explains countergradient
variation in the upper thermal limit of a rainforest skink. Oikos 126, 748-757 (2017).

68. Bouchard, P. & Guderley, H. Time course of the response of mitochondria from oxidative muscle during thermal acclimation of
rainbow trout, Oncorhynchus mykiss. . Exp. Biol. 206, 3455-3465 (2003).

69. Ern, R, Andreassen, A. H. & Jutfelt, E. Physiological mechanisms of acute upper thermal tolerance in fish. Physiology 38, 141-158
(2023).

70. Buckley, L. B, Ehrenberger, J. C. & Angilletta, M. J. Thermoregulatory behaviour limits local adaptation of thermal niches and
confers sensitivity to climate change. Funct. Ecol. 29, 1038-1047 (2015).

71. Morgan, A. M. & O’Sullivan, A. M. Cooler, bigger; warmer, smaller: Fine-scale thermal heterogeneity maps age class and species
distribution in behaviourally thermoregulating salmonids. River Res. Appl. 39, 163-176 (2023).

72. Beitinger, T. L., Bennett, W. A. & McCauley, R. W. Temperature tolerances of North American freshwater fishes exposed to dynamic
changes in temperature. Environ. Biol. Fish. 58, 237-275 (2000).

73. Johansen, J. L., Steffensen, J. F & Jones, G. P. Winter temperatures decrease swimming performance and limit distributions of
tropical damselfishes. Conserv. Physiol. 3, cov039 (2015).

74. Burggren, W. W. & Mendez-Sanchez, ]. F. Bet hedging against climate change in developing and adult animals: roles for stochastic
gene expression, phenotypic plasticity, epigenetic inheritance and adaptation. Front Physiol 14, 1245875 (2023).

75. Seebacher, E. & Little, A. G. Plasticity of performance curves in ectotherms: Individual variation modulates population responses
to environmental change. Front Physiol 12, 733305 (2021).

76. Irvine, S. Q. Embryonic canalization and its limits—A view from temperature. J. Experimental Zool. Part. B: Mol. Dev. Evol. 334,
128-144 (2020).

77. Jonsson, B. & Jonsson, N. Phenotypic plasticity and epigenetics of fish: embryo temperature affects later-developing life-history
traits. Aquat. Biology. 28, 21-32 (2019).

78. Fellous, A., Wegner, K. M., John, U., Mark, E C. & Shama, L. N. S. Windows of opportunity: Ocean warming shapes temperature-
sensitive epigenetic reprogramming and gene expression across gametogenesis and embryogenesis in marine stickleback. Glob.
Change Biol. 28, 54-71 (2022).

79. Durtsche, R. D., Jonsson, B. & Greenberg, L. A. Thermal conditions during embryogenesis influence metabolic rates of juvenile
brown trout Salmo trutta. Ecosphere 12, 03374 (2021).

80. Hayward, S. A. L., Murray, P. A,, Gracey, A. Y. & Cossins, A. R. Beyond the Lipid Hypothesis. in Molecular Aspects of the Stress
Response: Chaperones, Membranes and Networks (eds (eds Csermely, P. & Vigh, L.) 132-142 (Springer, New York, NY, doi:https:
//doi.org/10.1007/978-0-387-39975-1_12. (2007).

Scientific Reports|  (2026) 16:36541 | https://doi.org/10.1038/s41598-026-73463-1 nature portfolio


https://www.nature.com/scientificreports
https://doi.org/10.1007/978-0-387-39975-1_12
https://doi.org/10.1007/978-0-387-39975-1_12

www.nature.com/scientificreports

81. Chevin, L. M., Lande, R. & Mace, G. M. Adaptation, plasticity, and extinction in a changing environment: Towards a predictive
theory. PLoS Biol. 8, 1000357 (2010).

82. Szekeres, P. et al. On the neglected cold side of climate change and what it means to fish. Clim. Res. 69, 239-245 (2016).

83. Alexander, M. A. et al. Projected sea surface temperatures over the 21st century: Changes in the mean, variability and extremes for
large marine ecosystem regions of Northern Oceans. Elementa: Sci. Anthropocene. 6,9 (2018).

84. Carbonell, . A., Wang, Y. J. & Stoks, R. Evolution of cold tolerance and thermal plasticity in life history, behaviour and physiology
during a poleward range expansion. J. Anim. Ecol. 90, 1666-1677 (2021).

85. Collin, R,, Rebolledo, A. P, Smith, E. & Chan, K. Y. K. Thermal tolerance of early development predicts the realized thermal niche
in marine ectotherms. Funct. Ecol. 35, 1679-1692 (2021).

86. Dahlke, F. T., Wohlrab, S., Butzin, M. & Portner, H. O. Thermal bottlenecks in the life cycle define climate vulnerability of fish.
Science 369, 65-70 (2020).

87. Wootton, R. J. A Functional Biology of Sticklebacks (University of California Press, 1984).

88. Burggren, W. Developmental phenotypic plasticity helps bridge stochastic weather events associated with climate change. J. Exp.
Biol. 221, jeb161984 (2018).

89. Madeira, D. et al. Different sensitivity to heatwaves across the life cycle of fish reflects phenotypic adaptation to environmental
niche. Mar. Environ. Res. 162, 105192 (2020).

90. Gilbert, S. E & Bosch, T. C. G. Ledén-Rettig, C. Eco-Evo-Devo: developmental symbiosis and developmental plasticity as
evolutionary agents. Nat. Rev. Genet. 16, 611-622 (2015).

91. Rybkina, E. V,, Ivanova, T. S., Ivanov, M. V., Kucheryavyy, A. V. & Lajus, D. L. Habitat preference of three-spined stickleback
juveniles in experimental conditions and in wild eelgrass. . Mar. Biol. Ass. 97, 1437-1445 (2017).

92. Oczkowski, A. et al. Preliminary evidence for the amplification of global warming in shallow, intertidal estuarine waters. PLOS
ONE. 10, 0141529 (2015).

93. Wilson, K. L. & Lotze, H. K. Climate change projections reveal range shifts of eelgrass Zostera marina in the Northwest Atlantic.
Mar. Ecol. Prog. Ser. 620, 47-62 (2019).

94. Bateson, P, Gluckman, P. & Hanson, M. The biology of developmental plasticity and the Predictive Adaptive Response hypothesis.
J. Physiol. 592, 2357-2368 (2014).

95. Morgan, R., Finngen, M. H., Jensen, H., Pélabon, C. & Jutfelt, F. Low potential for evolutionary rescue from climate change in a
tropical fish. Proc. Natl. Acad. Sci. U S A. 117, 33365-33372 (2020).

96. Shinner, R., Terblanche, J. S. & Clusella-Trullas, S. Across-stage consequences of thermal stress have trait-specific effects and
limited fitness costs in the harlequin ladybird, Harmonia axyridis. Evol. Ecol. 34, 555-572 (2020).

97. Scott, G. R. & Johnston, I. A. Temperature during embryonic development has persistent effects on thermal acclimation capacity
in zebrafish. Proc. Natl. Acad. Sci. U S A. 109, 14247-14252 (2012).

98. Uehling, J. J., Taff, C. C., Winkler, D. W. & Vitousek, M. N. Developmental temperature predicts the adult response to stressors in
a free-living passerine. J. Anim. Ecol. 89, 842-854 (2020).

Acknowledgements

The authors would like to acknowledge the staff and support from the Bamfield Marine Sciences Centre, the
Life and Environmental Science Animal Research Centre at the University of Calgary, and the Rogers Lab. The
project was funded by NSERC Discovery Program (RT735287).

Author contributions

B.C.M.S and S.M.R designed the experiment. B.C.M.S carried out the experiment. B.C.M.S. and S.J.S. performed
the analyses. B.C.M.S. wrote the main manuscript text and prepared Figs. 1, 2 and 3. All authors reviewed the
manuscript.

Funding
Not applicable.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:36541 | https://doi.org/10.1038/s41598-026-73463-1 nature portfolio


https://www.nature.com/scientificreports
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	﻿Developmental temperature induces consistent patterns of plasticity in lower, but not upper, critical thermal limits in threespine stickleback (﻿Gasterosteus aculeatus﻿)
	﻿Methods
	﻿Wild stickleback collection and F1 crosses
	﻿F2 crosses and experimental treatments
	﻿Body size and weight measurements
	﻿Critical thermal trials
	﻿Sex determination
	﻿Statistical analysis

	﻿Results
	﻿Days to hatch and percent survival
	﻿General patterns of CT﻿min﻿ and CT﻿max﻿
	﻿Plasticity in CT﻿min﻿
	﻿Plasticity in CT﻿max﻿

	﻿Discussion
	﻿Animal care and ethics research statement

	﻿References


