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Abstract

In light of ongoing climate change, it is increasingly important to know how
nutritional requirements of ectotherms are affected by changing temperatures.
Here, we analyse the wide thermal response of phosphorus (P) requirements
via elemental gross growth efficiencies of Carbon (C) and P, and the Threshold
Elemental Ratios in different aquatic invertebrate ectotherms: the freshwater
model species Daphnia magna, the marine copepod Acartia tonsa, the marine
heterotrophic dinoflagellate Oxyrrhis marina, and larvae of two populations of
the marine crab Carcinus maenas. We show that they all share a non-linear cubic
thermal response of nutrient requirements. Phosphorus requirements decrease
from low to intermediate temperatures, increase at higher temperatures and
decrease again when temperature is excessive. This common thermal response
of nutrient requirements is of great importance if we aim to understand or even
predict how ectotherm communities will react to global warming and nutrient-

driven eutrophication.

KEYWORDS
carbon, ecological stoichiometry, gross growth efficiency, growth, metabolism, nutrients,
phosphorus, respiration, thermal gradient, threshold elemental ratio
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INTRODUCTION

Temperature is among the most influential determinants
of fitness in ectotherms, as it directly drives their me-
tabolism (Clissold & Simpson, 2015; Cross et al., 2015).
Within biologically relevant ranges below the opti-
mum temperature, ectotherm metabolic rates scale
exponentially with temperature. Hence, even a small in-
crease in environmental temperature may lead to large
changes in performance (Brown et al., 2004; Gillooly
et al., 2001). Furthermore, to ensure the achievement
of the Darwinian functions of survival and reproduc-
tion, all consumers must obtain a diet containing the
appropriate balance of biochemical nutrients (Simpson
& Raubenheimer, 2012) including essential fatty acids,
amino acids and vitamins. On a more basic level, spe-
cific chemical elements, such as nitrogen (N) and phos-
phorus (P), are also essential components of the food
(Sterner & Elser, 2002). Given the overriding importance
of temperature for metabolic rates of ectotherms, un-
derstanding the interactions of temperature and nutri-
tional demands is critical (Cross et al., 2015). The most
straightforward way to assess temperature—food quality
interactions is to investigate temperature effects on the
Threshold Elemental Ratio (TER) (Frost et al., 2006;
Sterner, 1997; Urabe & Watanabe, 1992). The TER.y is
the carbon:nutrient (C:X) ratio in the food that matches
the current physiological requirements for metabolism
and growth of the consumer, with neither C nor X being
limiting or in excess. The TER is a quantitative tool that
integrates multiple responses of organism biochemistry
and physiology. A low TER_., indicates higher needs for
the nutrient X relative to C, while a higher TER .. in-
dicates the opposite. Cross et al. (2015) noted that there
were few studies on how temperature affects the TER
and made a strong case to measure the TER .. at differ-
ent temperatures.

The integration of two theoretical frameworks may
lead to a general theory to understand how energy and
nutrient availability act in combination: the metabolic
theory of ecology (MTE) from Brown et al. (2004),
which focuses on the importance of individuals energet-
ics; and ecological stoichiometry theory (EST) that fo-
cuses on the importance of element availability (Sterner
& Elser, 2002). In the frame of MTE, a positive relation
of an organism's C requirements with temperature is
expected as a consequence of the over-proportional in-
crease in respiration rates with temperature, resulting
in an increasing TER. with temperature as seen by
Boersma et al. (2016) and Malzahn et al. (2010). However,
assuming that respiration and feeding rates scale equally
with temperature (same Q,,) and that invertebrates fac-
ing nutrient limitation at increasing temperatures might
use their excess C to meet the increased demands for
energy without the need for extra dietary C, Anderson
et al. (2017) modelled a constant TER .. with tempera-
ture. On the other hand, growth has a lower C:nutrient

than metabolism so a decreasing TER.., with tempera-
ture is expected if growth scales faster (larger Q,)) than
respiration.

Studies on stoichiometric impacts of temperature
are, unfortunately, rather equivocal, with reports of in-
creasing, decreasing or constant TER with increasing
temperature (Anderson et al., 2017; Boersma et al., 2016;
Malzahn et al., 2016; Persson et al., 2011; Ruiz et al., 2020;
Wojewodzic et al., 2011). The most parsimonious expla-
nation for these findings is that the response of the nutri-
tional demands to temperature is not monotonic and that
most studies conducted so far have not covered a suffi-
ciently broad temperature range. Indeed, based on the
parametrisation of TER .., model from Frost et al. (2006)
with literature data on the temperature dependencies of
all parameters in the model and with experimental data
on growth-based TER_;, Ruiz et al. (2020) predicted a
U-shaped response of the TER, with temperature.
Hence, the question remains whether there is a common
response of ectotherm nutrient requirements to chang-
ing temperatures that would help in making predic-
tions about secondary production responses to global
change. Alternatively, the diversity of findings to date
may reflect true idiosyncrasies in temperature responses
among taxa, consequently preventing general overarch-
ing predictions.

In this study, we aim to shed light on the interactions
between macronutrient requirements of ectotherms and
temperature. We experimentally determined the response
of the TER., to temperature for different aquatic inver-
tebrates. We used two different clones of the freshwater
cladoceran Daphnia magna with different thermal his-
tories to determine the growth-based TER. . Further,
we characterised the thermal response of fundamental
parameters of the bioenergetics TER.., model (respira-
tion, ingestion, growth, gross growth efficiencies of C
and P, and body C:P) (Doi et al., 2010; Frost et al., 2006;
Halvorson et al., 2015) across ecologically relevant tem-
perature ranges, using one clone of D. magna (same as
growth-based TER), the marine copepod Acartia tonsa,
the marine heterotrophic dinoflagellate Oxyrrhis ma-
rina, and larvae of two populations of the marine crab
Carcinus maenas.

Thermal performance curves of respiration and in-
gestion vary with increasing temperature, usually dis-
playing an ascending phase, a peak, which indicates the
thermal optimum, and a descending phase of metabolic
inhibition (Shah et al., 2021). Growth rate increases with
increasing temperature and is in part responsible for
the increase in ingestion, due to the extra demands for
substrates (Hayes et al., 2015). Body C:P is expected to
increase with temperature (Balseiro et al., 2021; Woods
et al., 2003), while for GGEs decreasing, increasing
and constant thermal responses were reported (Doi
et al., 2010; Hagerty et al., 2014; Smith et al., 2021; Ye
et al., 2019; Zheng et al., 2019). Based on these hypoth-
esised mechanisms, we predict that ectotherm nutrient
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requirements change with temperature in a nonlinear
fashion, as a response to nonlinear thermal reaction
norms of metabolism and growth.

MATERIALS AND METHODS

First, we determined the thermal response of the
TER., from growth rates as a function of temperature
and food C:P (growth-based TER.;) for two clones of
Daphnia magna. The TER_.;, is obtained from the diet
C:P, which maximises growth, at different tempera-
tures. Secondly, to explore the mechanisms underlying
the thermal response of the TER.,, we determined the
thermal response of body C and P contents and ingestion
(IR), respiration (RR) and growth (GR) rates, the gross
growth efficiency of C and P (GGE and GGE,) and the
TER_..;, bioenergetic model proposed by (Doi et al., 2010;
Frost et al., 2006) following Halvorson et al. (2015). This
was done for Acartia tonsa, Oxyrrhis marina and larvae
of two different populations of Carcinus maenas, and
one clone of D. magna (same used in the growth-based
TER(.p). With this second set of experiments, we ob-
tained information on how nutrient requirements of the
studied organisms change with temperature, as well as
the thermal response of all underlying variables that de-
termine the TER (model details in Appendix S1).

Growth-based TERC;P as a function of
temperature

We determined the diet C:P, which maximises growth
(TER(.p) at different temperatures for two clones of D.
magna. These two clones differ in their thermal histo-
ries. Clone US was maintained in the laboratory at 24—
25°C, and Clone AR at 20°C, both for at least 3years
prior to experiments (see below for details). The ther-
mal optimum for D. magna ranges between 16 and 22°C
(Bruijning et al., 2018).

Culturing conditions

The first experiment was carried out at Arizona State
University, USA, with a clone of D. magna (Clone US)
that was maintained in the laboratory in COMBO
media (Kilham et al., 1998) on a diet of the green alga
Scenedesmus acutus (C:P~120) at room temperature (24—
25°C). The experiment was carried out at 18, 23 and 28°C
in a food quality gradient consisting of food with five
C:P ratios ranging from 51 to 816. The second experiment
was carried out at Universidad Nacional del Comahue,
Argentina, with a clone of D. magna (Clone AR) that
had been maintained in the laboratory in COMBO
media (Kilham et al., 1998) on a diet of the green algae
Chlamydomonas reinhardtii (C:P~150) at 20°C. We used

15, 20 and 24°C as temperatures and a C:P gradient rang-
ing from 40 to 746.

Experimental design

Both experiments lasted 3 days to avoid the confounding
effect of shifts in allocation between growth and ovary
development of Daphnia reaching maturity (Acharya
et al., 2004). To exclude the influence of indirect effects
of P limitation on the biochemistry of the algae, the gra-
dients in food quality (C:P) were created with a short-
term P-spiking technique following Rothhaupt (1995)
and Plath and Boersma (2001) (Details in Appendix S2).

For both experiments, we placed one 24-h-old D.
magna in a 30ml beaker with 11 replicates in a factorial
design of 3 temperatures and 5 food qualities (n = 165).
Food and media were replaced daily at a concentration
of 1.5 mgCL™. To determine growth rate, the area of
each animal was measured by taking lateral images and
then processing the image via Image-Pro Plus (Media
Cybernetics) software. These measurements were con-
verted to dry weight based on our own area—weight
regressions obtained from our D. magna cultures at dif-
ferent food qualities. We determined the growth rate of
each individual as the difference in the natural logarithm
of the dry weight at the end and the beginning of the ex-
periment divided by the time in days. In some cases, one
or two replicates were missing at the end of the experi-
ment due to mortality during the daily handling of the
animals.

Data analyses

The shape of the TER., thermal reaction norm was ob-
tained following Ruiz et al. (2020). For each temperature
level separately, the following modified Gaussian func-
tion was fitted to the relationship between individual
growth rate versus the food C:P from which TER.., esti-
mates were derived:

2

GR=a+bxe & “r )

where C:P is the food C:P ratio, @ is the minimum growth
rate, b is the height of the curve, ¢ is the estimated
TER., (i.€., curve's maximum), d is the curve breadth
and F is a scaling parameter. All the parameters were
estimated by nonlinear least squares regression (Baty et
al., 2015). The confidence intervals around the TER.,
were estimated by nonparametric bootstrapping (Efron
& Tibshirani, 1986). At each temperature, the dataset
was resampled 1000 times and the nonlinear regression
procedure and TER., estimations were reiterated. This
was used to calculate the mean TER.., and the 95%
confidence intervals (Cly,,) for each temperature. A
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significant difference between TER_., estimates at each
temperature was inferred in the absence of overlap be-

tween their Cly, .

Thermal response of the bioenergetic
TER_.p and underlying variables

Culturing conditions

Experiments were carried out at the Universidad
Nacional del Comahue, Argentina (D. magna AR)
and the Biologische Anstalt Helgoland (BAH), AWI,
Helgoland, Germany, for the rest of the species. D.
magna (AR) is the same clone as the growth-based
TER(, O. marina was obtained from the Goéttingen
culture collection (Strain B21.89), and the stock cul-
ture used to inoculate the experimental containers was
grown in batch cultures at 18°C in the dark. Eggs of
A. tonsa were obtained from a permanent laboratory
culture at 18°C and incubated in filtered seawater for
hatching, and only those hatched between 24-36h of
incubation were used. Berried females of C. maenas
were collected manually at the intertidal area of the
bay of Cadiz (Spain) and Helgoland (Germany) dur-
ing the reproductive periods. Suitable temperature
for embryonic development and larval release occurs
in February—March (15.3-16°C) for the Cadiz popu-
lation, and in May—July (9-15°C) for the Helgoland
population. Animals were transported to the BAH in
individual containers with seawater and constant tem-
perature (15.7 and 12.5°C for Cadiz and Helgoland,
respectively). To ensure a successful embryonic devel-
opment, and to reflect the temperature of the natural
habitat at the time of hatching in summer, females were
maintained in individual aquaria where temperature
was gradually increased (0.2°C per day) until 18°C,
when hatching occurred. We used four hatches from
different females from the Cadiz population and three
from Helgoland to account for maternal effects on the
results (Torres et al., 2020), and each of them was con-
sidered a replicate.

Experimental design

24-h-old D. magna (AR) were placed in beakers
with COMBO and food (C. reinhardtii) ad libitum.
Individuals of O. marina, or recently hatched A. tonsa
(nauplii) and C. maenas (Zoea 1) were placed in beak-
ers with filtered seawater (0.2 pm) and food ad libitum.
A. tonsa and O. marina were fed Rhodomonas salina,
and C. maenas was fed with Artemia salina. D. magna
(15 and 24°C), A4. tonsa and C. maenas (12-24°C) were
distributed in temperature-controlled rooms, and O.
marina beakers were placed in a gradient temperature
table (15.2-22.8°C) following Malzahn et al. (2016).

Media and food were replaced daily. The length of the
experiment varied according to each species (Details in
Appendix S3, Table Sl).

Carbon and phosphorus analyses

At the beginning and the end of the experiments, we de-
termined C and P contents for individuals of D. magna, A.
tonsa and C. maenas. Carbon and P contents per beaker
of O. marina, C. reinhardtii and R. salina were measured
by filtering a known amount through acid-washed pre-
combusted (450°C, 2 h) Whatman GF/F filters. Analyses
for D. magna, A. tonsa and A. salina were carried out
by placing a known number of individuals on GF/F fil-
ters and for C. maenas by placing individuals directly
into pre-weighed tin capsules for C analysis or in 1.5 ml
Eppendorf tubes for P analysis, following by re-weighing
before analysis. C was analysed with a Vario MICRO
cube CHNS analyser (Elementar Analysensysteme), and
P as orthophosphate after acidic oxidative hydrolysis
(Grasshoff et al., 2009). Using these data, we calculated
initial and final body C:P ratios and growth rate in terms
of C and P for each species (GR, see calculations).

Ingestion (IR) and respiration (RR)

At the end of the growth periods, we determined inges-
tion rates in terms of C and P and respiration rates for all
the organisms in the dark. Ingestion rates of D. magna
were obtained with the fluorescent microspheres method
following DeMott (1986); Wiedner and Vareschi (1995);
Laspoumaderes et al. (2017). Ingestion rates of the other
species were determined through the difference in final
food concentration versus a control for O. marina and
A. tonsa, or versus initial concentration for C. maenas
(details in Appendix S3b and S3, Table S2).

Respiration rates were assessed as oxygen consump-
tion over time in glass vials with the organisms, media
without food, in the dark, stoppered to ensure that no
air bubbles were present, in temperature-controlled
rooms set to the experimental temperature. Vials with-
out organisms (n = 5-6) were used as controls to account
for microbial oxygen consumption. Oxygen consump-
tion was determined by linear regression of O, concen-
tration against time, standardised to pgC (details in
Appendix S3c and S3, Table S3).

Calculations

We determined the TER(., as a function of tempera-
ture for D. magna (AR), A. tonsa, O. marina and C.
maenas using the model of Frost et al. (2006) modified
by Doi et al. (2010) and further analysed by Halvorson
et al. (2015) (Equation 2):
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GGEp QOc

TER p,=———X
or GGE.  Op

@

where Q. and Q,, are the final body C and P contents (for
alternatives see Appendix Sl), GGE;, and GGE_. are the
gross growth efficiencies of P and C calculated follow-
ing Doi et al. (2010) as the ratio of the growth rate of P or
C to the ingestion rate of P or C (for GGE, and GGE,
respectively):

GGE = R 3)
IR

where GR is the amount of C or P fixed as new biomass
in a certain period, it is calculated as the difference in C
or P content (per individual for D. magna, A. tonsa and
C. maenas, and per beaker for O. marina) at the end and
the beginning of the experiment over time in days, and /R
is the ingestion rate in terms of C or P in the same period.

We calculated the Q,, of RR, IR and GR in the ther-
mal gradient with the formula:

Ry

2210713
Rl

O0=(

where R, and R, are the specific rates at temperatures 1
and 2, respectively (7, and T),). When the TER ., was non-
linear, we calculated the Q,, separately for the increasing
and decreasing thermal range. We compared the Q,, of
respiration with the Q,, of ingestion and growth for each
thermal range.

Data analyses

One-way analysis of variance (ANOVA) was performed to
compare the organisms' C:P ratios, respiration, growth and
ingestion rates, GGE and TER.;, values with temperature
as a factor, followed by Holm-Sidak post hoc tests. When as-
sumptions were not met, Kruskal-Wallis ANOVA on ranks
was used. The temperature where the TER ., is the highest
(MaxTER., temperature) and its Cls,, for 4. tonsa, O. ma-
rina and C. maenas were obtained through nonlinear regres-
sion fit of the thermal response of the TER .., to a Gaussian
function, with the R package nlstools (Baty et al., 2015). The
0,, were compared with z-tests. Analyses were performed
using the software R v.4.1.2 (R-Core-Team, 2021).

RESULTS

Growth-based TERC;P as a function of
temperature

Growth rates of both clones of D. magna showed a hump-
shaped response to the food C:P gradient and fitted to
the Gaussian equation (Equation 1) at all temperatures

(Figure la,b), except for D. magna (US) at 15°C (lowest
temperature), which showed a nearly flat response of
growth rates to changing food quality (Figure la) (See
Appendix S4a model fitting). The TER ., at each tem-
perature (maximum of the gaussian function, except for
D. magna (US) at 15°C), showed a hump-shaped relation
with temperature. The maximum TER., was found at
intermediate temperatures for both clones (Figure lc,d),
with decreasing TER(., at low and high temperatures
(Figure lc,d).

Thermal response of the bioenergetic
TER_.p and underlying variables

Ingestion, respiration and growth rates
in the thermal gradient

Ingestion and respiration rates showed the same response
to temperature within species but were not consistent
between them (Figure 2). The change in ingestion rates
in D. magna (AR) with temperature was not significant;
however, respiration increased (Figure 2a,b). Ingestion
and respiration rates showed a hump-shaped response to
temperature for 4. tonsa and O. marina, with maximum
values in the range of 18-21°C for A. tonsa, and at 18°C
for O. marina (Figure 2d,e,j,k). In contrast, both popula-
tions of C. maenas presented a consistent increase in in-
gestion and respiration (Figure 2g,h,m,n). Growth rates
had an increasing trend in the thermal gradient for all
species (Figure 2c¢.fi,1,0). However, growth rates of both
populations of C. maenas seemed to reach a maximum
growth at around 21°C (Figure 21i,0).

Body C:P in the thermal gradient

Body C:P of D. magna was higher at 24°C than at 15°C
(Figure 3a). C:P of A4. tonsa, O. marina and C. maenas
(Cadiz (C)) had a U-shaped response to temperature,
with minimum values at intermediate temperatures
(around 18°C) (Figure 3b—d). C:P ratios of C. maenas
(Helgoland [H]) showed the same U-shaped response to
temperature but also had a second minimum in the high-
est temperatures resulting in an “inverse N-response” of
body C:P to temperature (Figure 3e).

Gross growth efficiency of C and P (GGE. and
GGE,) in the thermal gradient

The thermal response of gross growth efficiency of
carbon presented some differences between species
(Figure 3f—j). GGE_. in A. fonsa increased at the high-
est temperature (Figure 3g), had a U-shaped response to
temperature in O. marina (Figure 3h), and had no vari-
ation with temperature for both C. maenas populations
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and D. magna (Figure 3f, i, j). On the other hand, GGE,,
showed larger responses to temperature with patterns
that differed among the study taxa (Figure 3f—j).

Bioenergetic TER.,

For D. magna, the TER, was higher at 15°C than at
24°C. This was consistent with the growth-based and
bioenergetic TER.., calculated with final and ini-
tial body C:P (Figure 1d and 4a, and Appendix S5).
However, using initial body C:P, the TER., was closer
to growth-based TER., than using final body C:P. As
only two temperatures were tested for D. magna with
the bioenergetic model, we do not know the shape of
the response in the complete thermal gradient. For
the other species, the bioenergetic TER., was deter-
mined for a broad temperature range and we obtained
a hump-shaped response of the TER., to temperature
for A. tonsa, O. marina and C. maenas (C) (Figure 4b—
d), with a maximum TER., (MaxTER_,) at interme-
diate temperatures. This MaxTER_.,, is indicative of
the organism's lowest P-requirements. The unimodal

shape of the TER., indicates that at both lower and
higher temperatures animals need food with higher P
content relative to C to grow maximally. In the case of
C. maenas (H), we obtained an N-shaped response of
the TER., as a function of temperature (Figure 4e).
The lower temperatures of the gradient (12-18°C) re-
sulted in a hump-shaped response for this population
similar to the other taxa, while the warmer tempera-
tures (18-24°C) formed a U-shaped thermal response
of the TER., (Figure 4e).

Q,, for respiration, ingestion and growth

The Q,, values for respiration, ingestion and growth
showed different patterns in the different areas of the
TER., (increasing and decreasing arms) for all species
(Table 1). The Q,, of respiration was higher than the Q,, of
ingestion and growth in the increasing arm of the TER.,
for O. marina and the opposite pattern was observed for
the decreasing arm (Table 1). For the other species, we ob-
served that Q,, of respiration was higher than Q,, of inges-
tion or growth in the increasing arm, and that the Q,, of
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respiration was lower than the Q,, of ingestion or growth
in the decreasing arm of the TER ., (Table 1).

DISCUSSION

Considering all the studied taxa, we observed a com-
mon thermal response in their interactive temperature-
nutrient requirements with a hump-shaped TER.,.

These results were obtained applying two differ-
ent methods, the growth-based and the bioenergetic
TER(,. Somatic growth can be constrained by the
reduction in metabolism due to low temperatures
(Brown et al., 2004), and also as a consequence of P-
limitation or excess when food contains too high or
low C:P ratios (Plath & Boersma, 2001). When we
analysed growth of Daphnia in the food C:P and tem-
perature gradient, we found support for the knife-edge
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hypothesis and the metabolic theory, as growth was
depressed at extreme food C:P, and at low temperature
(Figure la,b). The flattening of the growth curves with
decreasing temperature implies that the effect of food
quality on growth decrease with temperature (Persson

FIGURE 4 C:P Threshold Elemental Ratio (TER.;) as a
function of temperature for (a) Daphnia magna (AR), (b) Acartia
tonsa, () Oxyrrhis marina, (d) Carcinus maenas Cadiz and (e) C.
maenas Helgoland. Symbols are mean values and bars SE. In some
cases, the error bars are not visible, because they are smaller than
the symbols. In (b—d), dashed vertical lines represent the mean
MaxTER., temperature and the shaded areas the Cl,,, obtained
through non-linear regression fit of the thermal response of the
TER_.p to a Gaussian function, with the R package nlstools (Baty
et al., 2015). Dots and bars are mean values and SE. Lower-case
letters inside the graphs indicate homogeneous groups according
to —-tests (a), or the post hoc Holm- Sidak multiple comparison test
results

et al., 2011), suggesting that the constrain imposed by
low temperature is stronger than that by food qual-
ity. The lack of a TER., identification in the cold D.
magna treatment implies poor energy availability for
somatic and gonadic growth, which agrees with identi-
fied thermal optimal range for growth (from 16 to 22°C
(Bruijning et al., 2018)). The bioenergetic TER., for
D. magna tested at two different temperatures, showed
the same thermal pattern as the growth-based TER
at the same two temperatures, but different absolute
values (Figure 1b and 4a, Appendix S5). Because we
obtained the same pattern in the TER., of D. magna
(AR) with the growth-based and bioenergetic model,
we determined the bioenergetic TER(., in a thermal
gradient for the other species, as it provides informa-
tion on the thermal reaction norms of the underlying
variables driving the TER., (Details in Appendix S1).

The observed hump-shaped TER,, indicates that
P requirements are high at low temperatures, decrease
when temperatures increase to intermediate values,
and increase again when temperatures are higher. The
low TER., at low temperatures provides support for
the “Compensatory Hypothesis” (Persson et al., 2011)
which states that P requirements should be high at low
temperatures to compensate for the thermal constrain
on enzymatic activity. Metabolic theory predicts that
the shape of the TER_.., can be explained by the relation
between the @, of respiration and ingestion (Anderson
etal.,2017; Ruizet al., 2020). When respiration has a lower
0,, thaningestion, the TER .., is expected to decrease. In
agreement with the metabolic theory, Ruiz et al. (2020)
found the minimum TER., in their “U-shaped TER”
at the temperature where respiration starts increasing
faster than ingestion. On the other hand, metabolism
has higher C:nutrient requirements than growth, so an
increasing TER., with temperature is expected if res-
piration scales faster than growth. We suggest that the
relation between @, of respiration, ingestion and growth
can contribute to explain the hump-shaped TER.,. An
increasing TER.;, is expected when Q,, of respiration
is larger than Q,, of ingestion and/or growth; and a de-
creasing TER ., should be expected when Q,, of respira-
tion is smaller than the Q,, of ingestion and/or growth.
In our study, this combination was observed as pre-
dicted in the increasing arm of the TER.;, of O. marina,
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| K i TABLE 1 Q,,of respiration rates
) Increasing Decreasing Increasing (RR), ingestion rates (IR) and growth
Variable TERc,p TER:, TER:, rates (GR), for all taxa in the analyses, for
RR 3.12 (1.10) 0.34 (0.10) the increasing and decreasing arms of the
n n TERC'P
A. tonsa IR 6.10 (2.00)™ 0.51 (0.10)"* :
GR 2.78 (0.26)" 3.08 (0.42)***
RR 20.73 (2.00) 0.008 (0.006)
O. marina IR 4.48 (2.4)** 0.22 (0.09)*
GR 0.87 (0.10)*** 1.51 (0.15)%**
RR 3.63 (0.42) 2.16 (0.46)
C. maenas (C) IR 3.50 (0.96)™ 1.99 (0.63)™
GR 2.47 (0.24)* 1.50 (0.16)™
RR 3.13 (0.98) 1.22 (0.13) 6.37 (2.25)
C. maenas (H) IR 2.46 (0.63)" 2.26 (0.43)™ 1.56 (0.67)™
GR 4.35(0.46)™ 2.87 (0.52)* 0.67 (0.15)*

Note: Superscripts indicate the results of the #-test of RR versus IR, and RR versus GR. ns indicates no

significant differences, *p<0.05, **p<0.01, ***p<0.001.

C. maenas (C) and on the second increase of C. maenas
(H), while for 4. tonsa and the first increase in C. maenas
(H) the Q,, of respiration did not differ for ingestion and
growth. In addition, as predicted, in the decreasing arm
of the TER.;, of 4. tonsa, O. marina and C. maenas (H),
0,, of respiration was lower than Q,, for ingestion and/
or growth (Table 1, Appendix S4b, Table S3). The Q,, in
D. magna was not included in this study as we are likely
to have an optimum between the two temperatures that
would lead to misleading results.

Ingestion, respiration, growth and GGEs are af-
fected not only by temperature but also by food quality.
This can lead to confounding effects of food quality on
the thermal response of all underlying variables of the
TER_. . Ingestion rates increase when facing imbal-
anced food to increase the acquisition of the limiting
element (Hessen et al., 2013), respiration rates increase
when food is C-rich as a pathway to dispose of excess C
(Darchambeau et al., 2003), and GGEs of C and P tend
to decrease when the element is non-limiting (Frost
et al., 2004). In our study, food C:P was the same at
all temperatures for each species but consumer nutri-
ent requirements (TER..;) differed with temperature.
Hence, the imbalance accounted for the difference in
elemental composition of the food and that required
by the consumer (TER ) differed with temperature.
This may affect the response of the variables driving
the TER(., to temperature.

Understanding the thermal dependencies of nu-
trient GGEs may open the path towards integrating
metabolic theory and ecological stoichiometry. In an
attempt to do so, Doi et al. (2010) compiled data from
the literature, but were not able to find a universal
relationship between GGE, and temperature. They
concluded that it is difficult to make robust inferences
due to limited number of assessments of GGE,. We
find, GGE, to be an important driver of the TER.,
in the thermal gradient for three (both C. maenas and

D. magna) out of five organisms in the analyses and
we found that, in general, GGE, seems to be high at
the MaxTER_., temperature. We do not know whether
there is a universal pattern for the thermal dependence
of GGE. However, the nonlinear thermal responses of
GGE_ and GGE,, result in a complex nonlinear ther-
mal response of nutrient requirements. The humped-
shaped and N-shaped thermal responses of the TER.,
were a result of the relation between the GGE of P and
C, while the body C:P ratio generated changes in the
absolute values of the TER(., but not in the thermal
shape or the response (Appendix S5).

We observed that body C:P stoichiometry changes
significantly with temperature, as indicated in previous
work (Balseiro et al., 2021; Kendrick & Benstead, 2013;
Woods et al., 2003) but in contrast to Ruiz et al. (2020).
Body C:P had a nonlinear U-shaped thermal response,
with a minimum C:P located at the MaxTER., tem-
perature. In addition, for C. maenas (H) we found a sec-
ond body C:P minimum at the highest temperature of
the range we studied. The response of body C:P to tem-
perature showed the opposite pattern compared to the
thermal response of the TER., (Figures 3 and 4). This
pattern is expected to be stronger when C:P is more vari-
able, as the calculation of the TER., involves the ratio
of the growth of P and C. However, differential use effi-
ciencies of C and P will lead to deviations from this in-
verse relation between TER .., and body C:P, until GGE,
equals GGE_, then TER_. equals body C:P.

Our hump-shaped TER( -temperature relation-
ship may appear to conflict with the study of Ruiz
et al. (2020), which reported a U-shaped TER, re-
sponse to temperature. In Ruiz et al. (2020), however,
temperatures were mainly above the optimal ones of
the studied organisms. Here, we aimed to study more
ecologically relevant temperatures, so our experiments
did not include high temperatures, except for C. maenas
(H). Interestingly, when we extended the model of Ruiz
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et al. (2020) to lower temperatures (below 18°C), we ob-
tained an N-shaped TER response to temperature (See
Appendix S4c). Indeed, the C. maenas (H) population
(Figure 4d) seem to provide experimental support for
the extension of the model by Ruiz et al. (2020) to lower
temperatures. Based on the observed results, our work-
ing hypothesis is that the observed N-shaped TER_., is
likely a general pattern. We suggest that more studies ex-
ploring broad thermal ranges are needed to determine if
encompassing the entire operating temperature range of
a species, the hump-shaped TER., responses, that we
observed here, can be combined with the U-shape found
by Ruiz et al. (2020), resulting in a cubic thermal re-
sponse of the TER., (See Figure 5 for our hypothesised
N-shaped TER.p).

The maxTER., temperature might be related to the
temperature of acclimation or the normal habitat tem-
perature of the organisms in the study. The MaxTER.,
temperature was higher for D. magna (US) than for D.
magna (AR), whose historical temperatures were 24—
25 and 20°C, respectively. The same happened for both

3 Ecologically relevant temperatures
&
Normal thermal
Cold Shenent Warm/Hot
MaxTER p bmmm e e e e o
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1
1
1
1
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1
1
1
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1
1
L
MaxTER., Temperature
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FIGURE 5 Hypothesised response of the TER ., to a broad
temperature range. Light blue, green and orange areas, until the
vertical dashed line, represent temperatures within the ecological
environment of the species (is the experimental temperature range
for A. tonsa, O. marina and C. maenas (C)). The red area represents
temperatures beyond the thermal optimum (Portner, 2012;

Portner & Farrell, 2008) that might be experienced by the species
only in rare conditions (we suggest that this was the case of C.
maenas (H) in the highest temperature in our experiments). In this
hypothesised concept, the increasing demands of C relative to P
when temperatures increase from cold (light blue) to intermediate
(middle green) are the result of increasing respiration rates and P
use efficiency, until the MaxTER., is reached. When temperatures
increase above the normal thermal environment of the organism
(from green to orange area), the increasing demands of P relative
to C are the result of the decrease in P use efficiency, the higher

Q,, of growth and ingestion in relation to respiration, and might
prevent an excessive increase in metabolism that can result from
the combination of low P diets (Ruiz et al., 2018; Ruiz et al., 2020)
and increased temperatures. The increase in C demands relative to
P when temperature is excessive may reflect the physiological stress
that amplifies C-demands for respiratory and catabolic processes
(Schmitz, 2013) with higher Q,, of respiration than ingestion and
growth

populations of C. maenas. The MaxTER ., temperature
was around 18°C for the population from Cadiz and
around 15°C for the colder Helgoland population, while
for O. marina and A. tonsa, the MaxTER_., temperature
was around 18°C, the temperatures in the laboratory
cultures. So, we propose that the MaxTER.., observed
for all species at intermediate temperatures might reflect
lower P requirements at temperatures that are close to
the species' thermal environment in nature (Figure 5).
This response would optimise P metabolism, given that
this element is often limiting in aquatic environments.

Human activities have altered, and will continue to
alter, biogeochemical cycles and the nutritional value
of the resources for consumers (Penuelas et al., 2013;
Sardans et al., 2012). Nutrient supplies directly influence
the stoichiometry of autotrophs, either by changing the
autotroph C:X, or by changing autotroph community
composition. These shifts affect primary consumers, ei-
ther by changing the C:X of weakly homeostatic herbi-
vores, or by changing herbivore community composition.
Such shifts have already been observed by a number of
studies (Laspoumaderes et al., 2013; Sardans et al., 2012;
Teurlincx et al., 2017). Furthermore, nutrient recycling
is related to organism nutrient requirements. Animals
with high P-requirements recycle low amounts of P (C:P
of excretion is high), and vice versa. Here we identified
that the sensitivity of consumers to nutrient imbalance
varies with temperature, and that for organisms living
at temperatures above their MaxTER .., warming would
increase their sensitivity to nutrient limitation (or C ex-
cess). These thermal changes in organism nutrient re-
quirements should lead to changes in nutrient recycling
in food webs exacerbating the impact of warming, cre-
ating simultaneous shifts in resource quality driven by
alterations of biogeochemical cycles, that may create or
strengthen nutritional mismatches between resources
and consumers in food webs.

Although the temperature range we used in our ex-
periments is much wider than expected by global warm-
ing (IPCC, 2014), in some extreme climatic conditions
(i.e., heat waves), some freshwater ecosystems may suffer
from these high temperatures. Hence, even the response
to high or very low temperatures may be important to
understand how extreme climatic events may affect con-
sumer requirements. Indeed, we show that, depending
on where the thermal environment sits relative to the
MaxTER_.., temperature and the direction of change in
nutrient availability, even relatively small predicted tem-
perature increases can have strong effects on consumer
performance. However, the effects of these temperature
changes might be counteracted if changes in nutrient
availability move in the same direction as the thermal re-
sponse of nutrient requirements, i.e., further eutrophica-
tion of waters would increase P-availability. At the same
time, warming would increase organism P-requirements.
Based on our results, we predict that the ongoing nutrient
reductions in many water bodies globally may ironically
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exacerbate the impacts of warming temperatures. We
propose that an accurate mechanistic understanding
of the complex relationship between temperature and
stoichiometric requirements of consumers is essential
if we are to predict how ectotherms will respond to on-
going changes in nutrient supplies and environmental
temperature.
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The threat of excessive nutrient enrichment, or eutrophication, is intensifying
across the globe as climate change progresses, presenting a major manage-
ment challenge. Alterations in precipitation patterns and increases in
temperature are increasing nutrient loadings in aquatic habitats and creating
conditions that promote the proliferation of cyanobacterial blooms. The
exacerbating effects of climate warming on eutrophication are well estab-
lished, but we lack an in-depth understanding of how aquatic ectotherms
respond to eutrophication and warming in tandem. Here, I provide a brief
overview and critique of studies exploring the cumulative impacts of eutro-
phication and warming on aquatic ectotherms, and provide forward
direction using mechanistically focused, multi-threat experiments to disen-
tangle complex interactions. Evidence to date suggests that rapid warming
will exacerbate the negative effects of eutrophication on aquatic ectotherms,
but gradual warming will induce physiological remodelling that provides
protection against nutrients and hypoxia. Moving forward, research will
benefit from a greater focus on unveiling cause and effect mechanisms
behind interactions and designing treatments that better mimic threat
dynamics in nature. This approach will enable robust predictions of species
responses to ongoing eutrophication and climate warming and enable the
integration of climate warming into eutrophication management policies.

Anthropogenic eutrophication (hereafter, eutrophication) is the world’s most
widespread form of habitat degradation affecting aquatic ecosystems [1,2].
Excessive nutrient inputs trigger eutrophication events where rapid, uncon-
trolled growth of aquatic plants is spurred and harmful algal blooms spread
[3,4]. Phosphorus (P) and nitrogen (N) are the key nutrients of concern because
their availability drives aquatic plant primary production. In freshwater habi-
tats, plant growth is limited by P availability, whereas N is generally the
limiting nutrient in marine habitats [5,6]. Aquatic habitats transform during
eutrophication; floating plants and cyanobacteria become over-abundant and
dominant over other plant life, creating low light conditions for underwater
life and nightly hypoxic (low oxygen) episodes [7]. Water quality also declines,
with increased turbidity levels and high concentrations of dissolved nutrients,
many of which can disrupt homeostasis in aquatic ectotherms by passively dif-
fusing across the gills and epithelium [3,8,9]. Following eventual bloom die-off,
bacterial decomposition consumes large amounts of oxygen and produces
carbon dioxide causing hypoxia and acidification, respectively [10]. The

© 2021 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. (a) Fish inhabiting a eutrophic lake in Seville, Spain (photo credit: Daniel Gomez lsaza). (b) Diagram showing the sequence (black arrows) of threats that
aquatic ectotherms face during eutrophication, with the added threat of climate warming. Some threats are experienced sequentially, while others are experienced
simultaneously. Excessive nutrient enrichment (nitrogen [N] in marine habitats, phosphorus [P] in freshwater habitats) leads to accelerated algal and cyanobacteria
bloom growth, causing increased turbidity, nightly hypoxia and low light levels. When blooms die, bacterial decomposition of the plant matter consumes oxygen
and produces carbon dioxide, causing hypoxia and acidification, respectively. Blue arrows represent the interactions between climate warming and eutrophication
threats and arrow thickness reflects the extent of literature on these interactions (thicker arrows reflect more literature than thinner arrows). Multi-way threat
interactions are not shown, but much less literature exists for these compared to two-way interactions.

degraded habitat conditions driven by eutrophication have
been linked to mass mortalities of aquatic life the world
over [4,11-13], and this loss of life is becoming more
common as habitats warm [14].

The environmental consequences and economic burden
of eutrophication are predicted to surge under forecasted cli-
mate change [15,16]. In 2009, the annual economic cost of
eutrophication (e.g. lost tourism revenue and commercial
fisheries) was estimated to be £114 million in England and
Wales [17], and USD$2.2 billion in the United States (US)
[18], but these estimates have not factored in the catalysing
effects of climate change [15]. Heatwaves are increasing in
intensity, frequency and duration around the world [14].
For example, the 2018 European heatwave lasted several
weeks and had devastating impacts on aquatic life [19];
over 5t of dead fish were found in the Rhine, Elbe and
other rivers in Germany when water temperature increased
4°C above summertime normal. The heatwave was linked
to the formation of one of the largest algal blooms in the
Baltic Sea and a ‘dead zone’, with insufficient oxygen to sup-
port life, spanning 70 km”. Here, I provide an overview of
how aquatic ectotherms are affected by eutrophication and
climate warming in tandem and highlight knowledge gaps
to direct further research.

2. (limate change catalyses eutrophication

Climate change catalyses eutrophication by creating con-
ditions that increase nutrient loadings in aquatic habitats
and support rapid algal growth [15,16,20]. Elevated tempera-
tures can indirectly increase the release of nutrients from lake
sediment and catchment soils, promoting more rapid algal
growth [21]. Additionally, cyanobacteria typically grow
more efficiently at high temperatures compared to other
phytoplankton species, suggesting it will have a competitive
advantage under future warming [22,23]. Heat-accelerated
growth of cyanobacteria suggests that blooms will form
faster, earlier in the year and reach larger sizes with climate
warming. More expansive algal blooms may cause more
severe hypoxic episodes, which occur nightly when plants

cannot photosynthesize and during the eventual die-off and
microbial decomposition of blooms [12].

Altered precipitation patterns can also exacerbate eutro-
phication [24]. Increases in storm frequency and severity are
projected to result in greater groundwater and surface nutri-
ent discharge into freshwater and coastal habitats. In the
United States, for example, total N loadings in riverine habi-
tats are predicted to increase by approximately 19% by 2100
due to changes in precipitation patterns, and similar increases
are expected to occur in India, China and Southeast Asia [24].
More frequent drought periods can also increase nutrient
loadings by reducing habitat water levels and increasing
the dissolved concentrations of nutrients [21]. Recent evi-
dence suggests that eutrophication, in itself, may be
contributing to climate change by lowering the carbon
sequestration rates of seagrass beds [25], and releasing
nitrous oxide and methane into the atmosphere [26,27]. Evi-
dence supporting the strengthening of eutrophication under
climate warming and the positive feedback loops between
these threats is strong, but how aquatic organisms will
respond to both threats in concert remains less clear.

3. Eutrophication: a cocktail of interacting threats

Although eutrophication is often referred to as a single threat
(or ‘stressor’), the process of eutrophication exposes organ-
isms to complex combinations of challenges, including
elevated nutrient concentrations, harmful algal blooms,
increased turbidity, low light levels, hypoxic conditions, pH
reductions and altered plant and animal communities
(figure 1). Many of these threats are experienced sequentially
(e.g. nutrient exposure and subsequent hypoxia), but most
multi-threat studies have exposed organisms to threats simul-
taneously. To wunderstand how organisms cope with
eutrophication, threat interactions must be characterized in
an ecologically relevant manner, alongside assessments of how
climate warming may compound or alleviate these interactions.
Investigations into the interactions among eutrophication
threats and climate warming are still in their infancy, but
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simultaneous exposure to these threats may have dire
consequences for aquatic ectotherms.

Nutrient loadings are a persistent background threat in
eutrophic habitats, because animals must contend with regu-
lar influxes (e.g. nitrate, nitrite, ammonia and phosphorus)
from wastewater discharges, aquaculture operations and
run-off from urban, agricultural and mining sources [3].
Nitrate is the most stable and abundant form of nitrogen in
aquatic habitats [3], and most eutrophication studies have,
therefore, focused on nitrate effects. Chronic nitrate exposure
can exert a range of lethal and sub-lethal effects on aquati-
cally respiring species. A recent meta-analysis, based on
data from 68 studies on freshwater fish, amphipods and
amphibians, showed that long-term exposure to nitrate pol-
lution reduced activity levels by 79%, growth by 29% and
survival by 68% [28]. Moreover, the effects of nitrate pollution
were shown to be worsened by the presence of additional
threats, such as hypoxia and low pH, which are common
threats in eutrophic habitats [10,28].

Recent evidence is mounting to show that chronic nitrate
exposure can make fish more susceptible to hypoxia. For
example, silver perch (Bidyanus bidyanus) exposed to nitrate
pollution (50 or 100 NO3 mg1™") for three weeks suffered
reduced hypoxia tolerance [29]. Similar findings have also
been reported in a freshwater salmonid (Thymallus thymallus),
where hypoxia tolerance decreased by 15% in fish exposed to
nitrate (50 or 200 NO3 mg 1™") for eight weeks, compared to
controls (0 NO3 mg 1™") [30]. Heightened hypoxia suscepti-
bility in nitrate-exposed fish is linked to the toxic action of
nitrate (and nitrite). Once nitrite enters the body of fish via
the gills, it directly lowers blood oxygen-carrying capacity
by oxidizing haemoglobin to a non-oxygen binding form,
called methaemoglobin [9]. This reduction in blood oxygen-
carrying capacity can scale up to reduce aerobic scope
(maximum resting metabolic rate) [31-33], which is a measure
of the oxygen available to support aerobic activities like loco-
motion and digestion. Compared to freshwater fishes, marine
and estuarine fishes are more tolerant of nitrate/nitrite
because chloride in sea/brackish water competitively inhibits
nitrate/nitrite uptake across the gills [9].

Mass mortalities of aquatic ectotherms, or fish kills, during
summer heatwaves are becoming a new norm, and are
often associated with eutrophic conditions [14,34-36]. Under-
standing how eutrophication interacts with elevated
temperatures is, therefore, key to preventing further loss of
aquatic life. Elevated temperatures have profound, direct
impacts on the physiology and fitness of aquatic ectotherms
due to the tight relationship between environmental tempera-
ture and body temperature. Rapid increases in environmental
temperature can raise the ‘cost of living’ in ectotherms by
increasing resting metabolic rates in an exponential manner
[37]. If resting metabolic rates increase without a matched
increase in maximum metabolic rates, ectotherms suffer
from reduced aerobic scope, and a reduced capacity to per-
form aerobically supported activities [38]. Gradual increases
in mean habitat temperatures allow time for thermal
acclimatization responses in ectotherms, where underlying
physiology is remodelled so that performance is maintained
at elevated temperatures [39]. By contrast, heatwaves involve

rapid spikes in environmental temperature, often leaving
ectotherms insufficient time for acclimatization. Interactions
between eutrophication processes and gradual increases in
habitat temperatures may, therefore, be distinct to interactions
with heatwaves.

Nutrient exposure can reduce aerobic scope in fish
[33,40], but this effect reveals an ecological surprise when
fish are acclimated to elevated temperatures. For example,
five to eight weeks of acclimation to elevated temperatures
offset the negative effects of nitrate on aerobic scope in
silver perch [40], and caused synergistic increases in aerobic
scope in both European grayling and common carp (Cyprinus
carpio) [41,42]. These protective benefits were attributed to
thermal acclimation responses, involving changes to oxygen
supply and delivery systems. Thermal acclimation also con-
fers increased tolerance to hypoxia in many fish and
aquatic invertebrates [43]. Both Arctic charr (Salvelinus alpi-
nus) and landlocked salmon (Salmo salar m. sebago) showed
improved hypoxia tolerance (22-200% improvement) when
fish were acclimated to high temperatures and nightly
hypoxia together, and this improvement was related to remo-
delling of cardiac tissue [44]. By contrast, acute increases in
temperature typically decrease hypoxia tolerance in aquatic
ectotherms, because there is insufficient time for thermal
acclimation to take place [43]. Taken together, these findings
suggest that gradual habitat warming, where thermal
acclimatization can occur, will enhance species resilience to
nutrients and hypoxia, but rapid temperature spikes will
exacerbate these threats.

For gilled-organisms like fish, tadpoles and crustaceans,
heatwaves pose the added threat of increasing the uptake
and accumulation of unwanted substances via increased res-
piration rates [45]. Dissolved nutrients, suspended sediments
and contaminants can enter their gills at an increased rate as
temperatures rise, but disentangling these interactions can be
challenging because chemical availability and organismal
detoxification mechanisms are also temperature-dependent
[45]. Moreover, fish exposed to nutrients (nitrite or nitrate)
generally suffer reduced heat tolerance compared to unex-
posed fish [30,46]. Specifically, the upper thermal limit of
common carp was reduced by 1.2°C following 7 days of
nitrite exposure (1 mM) [46], and dropped by 1°C in Euro-
pean grayling following eight weeks of exposure to nitrate
(50 or 100 NO3 mg 17" [30]. Nitrate and phosphate exposure
can also compromise the resilience of corals to warming [47],
and lower coral bleaching thresholds [48]. Limiting nutrient
loads in habitats may, therefore, have the added benefit of
increasing species resilience to heatwaves.

At the population level, dire effects have been observed in
fish when warming and nutrients are combined under exper-
imental conditions. For example, the interactive effects of
climate warming (+4°C) and nutrient loadings (250-
2500 pg1™' N; 50 pg1™' P) were examined in three-spined
stickleback (Gasterosteus aculeatus) populations, using a full-
factorial design with 24 freshwater mesocosms across 16
months [49]. Stickleback populations became extinct in treat-
ments where warming and nutrient loadings were coupled
and fish losses were attributed to frequent, severe hypoxic
episodes. At an ecosystem level, eutrophication in lakes can
lower ecological specialization and promote genetic and pheno-
typic homogenization [50], but it remains unknown if these
effects hold with climate warming. Models based on field
data suggest that nutrient pollution and high temperatures in



combination will drive population declines in macroinver-
tebrates and fish at regional scales [51]. Scaling up
interactions between eutrophication and warming from species-
to population-level effects should be a priority for future
investigations.

Conserving and managing aquatic ectotherms is becoming
increasingly challenging as climate change interacts with
threatening processes. Investigations have primarily focused
on understanding how climate warming interacts with the
process of eutrophication (e.g. algal bloom formation and
sediment loads), rather than understanding how aquatic
ectotherms are affected by the combination of these threats.
Current understanding suggests that chronic exposure to par-
ticular nutrients can increase fish susceptibility to acute
temperature spikes and hypoxia [29,30,46], but research is
needed on a greater diversity of species to test the wider
applicability of this interaction. Nonetheless, these data
suggest that nutrient pollution is not only causing a range
of sub-lethal effects on aquatic ectotherms [28], but is also
increasing their vulnerability to climate change.

Available evidence also suggests that gradual warming
and heatwaves have divergent interactions with nutrient
pollution. Thermal acclimation responses, associated with
gradual warming, induce physiological changes in aquatic
ectotherms (e.g. gill, ventricle and haematological remodel-
ling) that offer protection against nutrients and hypoxia
[40-42]. By contrast, acute increases in temperature increase
the susceptibility of many aquatic ectotherms to hypoxia
[43]. Therefore, gradual climate warming may aid aquatic
ectotherms in coping with eutrophication, but heatwaves
pose a threat.

Well-designed, mechanistically focused studies offer a
fruitful approach to elucidating cause and effect behind inter-
acting threats in a changing world. Only full-factorial
experimental designs, which examine both the isolated and
combined effects of threats, can effectively disentangle

interactions. Mimicking threats in ways that enhance ecologi- [ 4 |

cal realism is vital. Most studies have only assessed two-way
threat interactions, and very little is known about how three
or more threats interact, despite eutrophication involving a
mixture of threats. Moreover, multi-threat studies generally
expose organisms to threats simultaneously, but this
approach does not always reflect natural processes, with
some threats experienced sequentially in nature (figure 1b).
Manipulating the order that organisms are exposed to threats
can reveal insightful cross-tolerance or cross-susceptibility
interactions, which may inform management practices [52].
Management practices often operate to remove threats; for
example, restricting nutrient loads in habitats. Therefore, we
also need to understand how species respond to the removal
of a threat and track the recovery of populations.

Better mimicking climate change scenarios in experiments
will also enhance ecological relevance. Ectotherms are pro-
jected to be more vulnerable to increases in temperature
variability than increases in mean temperatures [53]. Despite
this, we lack an understanding of how increased thermal
variability interacts with eutrophication because studies
have only used stable, constant temperatures. Mesocosm
experiments [54] and ecological/ mechanistic niche modelling
[55] will be paramount to testing if mechanisms identified in
tightly controlled experiments scale up to impact population
and community level dynamics under increasingly natural
conditions. Current research suggests there is a looming
threat of combined climate warming and eutrophication for
aquatic ectotherms, but the impacts of gradual warming
and heatwaves will likely be distinct. Further mechanistic
research on taxonomically diverse species is required to
deepen our understanding of these interactions and to
develop management solutions.
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1 | INTRODUCTION

| German Orizaola®*

| Pat Monaghan'® | Neil B. Metcalfe!

Abstract

Human activity is changing climatic conditions at an unprecedented rate. The impact of
these changes may be especially acute on ectotherms since they have limited capaci-
ties to use metabolic heat to maintain their body temperature. An increase in tempera-
ture is likely to increase the growth rate of ectothermic animals, and may also induce
thermal stress via increased exposure to heat waves. Fast growth and thermal stress
are metabolically demanding, and both factors can increase oxidative damage to es-
sential biomolecules, accelerating the rate of ageing. Here, we explore the potential
impact of global warming on ectotherm ageing through its effects on reactive oxygen
species production, oxidative damage, and telomere shortening, at the individual and
intergenerational levels. Most evidence derives primarily from vertebrates, although
the concepts are broadly applicable to invertebrates. We also discuss candidate mech-
anisms that could buffer ectotherms from the potentially negative consequences of
climate change on ageing. Finally, we suggest some potential applications of the study
of ageing mechanisms for the implementation of conservation actions. We find a clear
need for more ecological, biogeographical, and evolutionary studies on the impact of
global climate change on patterns of ageing rates in wild populations of ectotherms
facing warming conditions. Understanding the impact of warming on animal life histo-
ries, and on ageing in particular, needs to be incorporated into the design of measures

to preserve biodiversity to improve their effectiveness.

KEYWORDS
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impact on fitness (Hoffmann & Sgro, 2011). Understanding the in-

fluence of climate change on wild organisms is crucial if we are to

Climatic conditions are currently changing at unprecedented rate
(Diffenbaugh & Field, 2013). Climate projections forecast a global
temperature increase up to 4°C by the end of the current century,
and an increasing likelihood of extreme climatic events such as heat
waves and droughts (IPCC, 2014). Climatic changes have already im-
pacted on many organisms and ecosystems (Parmesan, 2006), even
though individuals often have the ability to detect such changes
and modify their behaviour, physiology or life history to reduce the

devise appropriate conservation research plans and policies.
Theimpact of climate change is expected to be particularly severe
on ectothermic animals (Kingsolver, Diamond, & Buckley, 2013). The
limited abilities of ectotherms to use metabolic heat to maintain their
body temperature makes them especially vulnerable to temperature
fluctuations (Bickford, Sheridan, & Howard, 2011; Seebacher, White,
& Franklin, 2015). Despite most ectotherms exhibit behavioural
plasticity that allows them to adjust their body temperature to
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environmental conditions, rising temperatures can put ectotherms
outside their physiological optima and closer, or even above, their
thermal tolerance limits (Kingsolver et al., 2013; Sunday et al., 2014).
A mismatch between the rate of change in environmental conditions
and the capacity of ectotherms to cope with these changes may se-
verely affect their physiology and lead to decreases in fitness.
While the effects of global warming on several components of ec-
tothermic physiology are well understood (Abram, Boivin, Moiroux,
& Brodeur, 2017; Gunderson, Dillon, & Stillman, 2017; Gunderson
& Stillman, 2015), one particular aspect that has hitherto received
little attention is its effect on the dynamics of ageing. Ageing can
broadly be defined as the time-dependent functional decline that af-
fects most living organisms (Lopez-Otin, Blasco, Partridge, Serrano,
& Kroemer, 2013). Here, we highlight three routes by which climate
change might alter the rate of ageing in ectotherms: (a) warmer
average temperatures causing an acceleration of growth rates; (b)
more frequent heat waves inducing thermal stress; and (c) changes
in the pace-of-life of parents affecting the ageing rate of their off-
spring. As we show below, all three scenarios can induce the loss of
organismal homeostasis and accelerate senescence in ectotherms.
Here, in using the term ‘ectotherm’, we are primarily referring to ver-
tebrates, since this is where most relevant existing data on ageing
mechanisms occur, but the processes are likely to be also relevant
to invertebrates. At present, it is unclear whether organisms have
the capacity to compensate for these potential changes in lifespan,
or the demographic consequences for populations. Further research
is clearly needed to fully evaluate the effects of climate change on
rates of ageing of wild organisms, and to incorporate these issues

into biodiversity conservation actions.

2 | GLOBAL WARMING, FAST GROWTH,
AND AGEING IN ECTOTHERMS

At the individual level, warmer environments induce thermal plastic-
ity in most ectotherms, resulting in fast growth but often smaller
size later in life, a process that can be also mediated through size-
dependent feedbacks (Ohlberger, 2013). This is a common pattern
in arthropods (Angilletta & Dunham, 2003), fish (Baudron, Needle,
Rijnsdorp, & Tara Marshall, 2014), amphibians (Ruthsatz, Peck,
Dausmann, Sabatino, & Glos, 2018), and reptiles (Price et al., 2017).
Thermally induced alterations in growth can be particularly costly
for ectotherms at early ontogenetic stages, since at this point re-
sources are prioritized towards the development of new structures
and away from somatic maintenance (Dmitriew, 2011; Metcalfe &
Monaghan, 2001). Many ectotherms develop complex life cycles and
are especially sensitive to warming impacts on growth if these occur
in early life stages, that is, before metamorphosis (Huey et al., 2012).

Environmentally induced acceleration of growth is known to im-
pact on lifespan. The costs of rapid growth were first demonstrated
in fish showing a negative relationship between growth rate and
longevity (Comfort, 1963). A negative relationship between faster

growth in early life and later survival has been found in other fish

species, and also in insects (e.g. Lee & Roh, 2010), amphibians (e.g.
Altwegg & Reyer, 2003), and reptiles (e.g. Olsson & Shine, 2002).
While most of these studies have been correlational, a trade-off be-
tween growth rate and lifespan has been demonstrated experimen-
tally in sticklebacks (Lee, Monaghan, & Metcalfe, 2013). In this study,
temperature-induced faster growth was associated with reduced
longevity, while experimental slowing of growth was associated with
increased longevity, confirming the role of thermally induced growth
in shaping the pattern and pace of ageing in ectotherms.
Across-species comparisons indicate that larger endotherms live
longer than smaller ones (r2 = .46 and .39 in birds and mammals, re-
spectively; Speakman, 2005). In contrast, body size explains only a
small portion of the variance in longevity in vertebrate ectotherms,
as observed in amphibians (r? = .07-.14; Stark & Meiri, 2018) or rep-
tiles (r? = .04-.23: Stark, Tamar, Itescu, Feldman, & Meiri, 2018). The
weaker correlation between body size and maximum lifespan in ver-
tebrate ectotherms than in endotherms probably indicates that the
traits have evolved at least partially independently in species with
indeterminate growth. Ectotherms can potentially show some de-
gree of thermal independence via a reduced heat exchange rate with
the environment. The ability to be thermally independent mainly
benefits larger-bodied ectotherms under cold environments rather
than warming conditions. However, reductions in body size due to
induced fast growth caused by warming may facilitate heat loss in
large species. Among-species differences in the rate of growth from
birth to maturation, and the variation in this rate caused by rising
temperatures, may be even more relevant than differences in body
size to understand the impact of warming on ageing in ectotherms.
Another unexplored topic is how among-species differences in life
expectancy at birth can affect responses to warming. The likelihood
of being exposed to warming and thermal stress during a single
lifetime is, obviously, higher in long-lived species, but these spe-
cies have often evolved protective mechanisms to slow the ageing
process (Tian, Seluanov, & Gorbunova, 2017). Further comparative
research will help to disentangle the relative importance of growth,
body size, and lifespan on ectotherms ageing under a global warm-

ing scenario.

2.1 | Fast growth and oxidative damage

The reduction in lifespan of ectotherms experiencing faster growth
could be due to greater mitochondrial activity (Figure 1a). Rapid
growth requires the formation in the mitochondria of increased
amounts of ATP, and this can lead to the generation of reactive oxy-
gen species (ROS) as a by-product. While ROS have many beneficial
physiological functions such as maintenance of homeostasis and cell
signalling, they can also cause oxidative damage to essential biomol-
ecules like membrane lipids, proteins, and DNA when their concen-
tration exceeds the antioxidant capacity of cells to detoxify them
(Halliwell & Gutteridge, 2015). This damage can lead to accelerated
ageing of the cells and ultimately the whole organism (Halliwell &

Gutteridge, 2015). A meta-analysis across all animal groups has
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FIGURE 1 Mechanisms whereby environmental warming could increase the rates of ageing in ectotherms. (a) Left side: differences in
individual growth trajectories and body size at maturation in response to normal (yellow thermometer) or warm (red thermometer) thermal
conditions; right side: fast growth may include cellular damage and a consequent increase in the rate of shortening of the telomeres (the red
caps on the ends of the chromosomes). (b) Left side: ectotherms have evolved to cope with normal temperature regimes without incurring
in thermal stress; right side: heat waves induce thermal stress, leading to cellular damage and consequent faster erosion of telomeres. Such
responses would not necessarily include significant changes in growth since they often take place during a brief period of time. (c) Possible
intergenerational effects of climate warming on telomere length. Left side: normal thermal regimes result in normal telomere lengths in
offspring; right side: higher mean temperatures and heat waves in parental generation have deleterious effects on offspring. Such effects,
evident at very early offspring life stages, could be caused by faster erosion of germline telomeres, by poor parental condition and/or
impaired parental care during post-natal stages during post-natal stages

shown that faster growth is associated with greater oxidative dam- and reptiles (e.g. Furtado-Filho, Polcheira, Machado, Mourio, &
age (Smith, Nager, & Costantini, 2016). In ectotherms, fast growth Hermes-Lima, 2007). These effects can persist over long time peri-
can alter the redox status in insects (e.g. De Block & Stoks, 2008), ods, even across life stages. For instance, juvenile fish growing faster
fish (e.g. Guerra, Zenteno-Savin, Maeda-Martinez, Philipp, & in response to elevated winter temperatures experienced severe

Abele, 2012), amphibians (e.g. Burraco, Valdés, & Orizaola, 2020), oxidative and DNA damage later in life at the time of breeding (Kim,
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Noguera, & Velando, 2019). Amphibians can also experience redox
imbalances at metamorphosis as a negative consequence of growing
at high rates earlier in life, when compensating for delayed hatching
(Burraco et al., 2020).

2.2 | Warmer temperature and telomeres

Oxidative stress can also induce faster ageing through its impact on
telomeres. Telomeres are specialized sections of non-coding DNA
that mark and protect the ends of chromosomes. Telomere regions
are essential for maintaining genome stability by preventing end-to-
end fusion of chromosomes, and also protect the coding sequences
from loss at the ends of the lagging DNA strands that occurs dur-
ing DNA replication (Richter & von Zglinicki, 2007). The length of
the telomeres becomes shorter at each cell division. Cells enter a
state of replicative senescence once their telomeres reach a criti-
cally short length; this is followed by either cell death or a change
in cell secretory profile to a more pro-inflammatory state (Aubert
& Lansdorp, 2008). Such changes can provide a link between the
rate of telomere shortening and tissue (and hence organismal) se-
nescence. The causal relationship between oxidative stress and the
rate of telomere shortening has been evidenced via the administra-
tion of antioxidants, which slow the rate of telomere erosion (Badas
et al., 2015; Pineda-Pampliega et al., 2020), and confirmed through
field and laboratory studies (reviewed in Barnes, Fouquerel, &
Opresko, 2018; Monaghan & Ozanne, 2018; Reichert & Stier, 2017).
A recent meta-analysis (Chatelain, Drobniak, & Szulkin, 2020) sup-
ports the idea that oxidative stress mediates telomere shortening,
although this relationship is mainly linked to differences in the levels
of the antioxidant machinery.

Differences in telomere length or loss rate can predict life ex-
pectancy, but the telomere-fitness relationship is highly variable
in ectotherms and still need further research (Olsson, Wapstra, &
Friesen, 2018a, 2018b). Telomere loss can also indicate the degree
of stress exposure of an individual across the life course, although as
yet most of the evidence of this comes from endotherms (Bateson &
Poirier, 2019; Tricola et al., 2018; Wilbourn et al., 2018). The varia-
tion in telomere length among populations of brown trout correlates
negatively with the river temperatures they experienced in the pre-
vious summer, and thus telomere length has been suggested as a
marker of past thermal stress in fish (Debes, Visse, Panda, Imonen, &
Vasemagi, 2016). In ectotherms, fast growth can lead to accelerated
telomere shortening, as found in juvenile fish (McLennan et al., 2016;
Pauliny, Devlin, Johnsson, & Blomqvist, 2015) or amphibian larvae
(Burraco, Diaz-Paniagua, & Gomez-Mestre, 2017). Since differences
in length-at-age and rate of loss of telomeres can be considered as
ageing biomarkers, a detailed understanding of telomere dynamics
over a species' lifetime, and across taxa, will improve our predictions
of the impact of warming on ectotherm ageing. To this end, know-
ing the age of individuals is helpful in studies in the wild. In tem-
perate vertebrate ectotherms, growth shows seasonal variation and

age can be determined through skeletochronology, for example, by

counting lines of arrested growth in reptiles and amphibians, growth
rings in fish scales or bands in fish otoliths (Zhao, Klaassen, Lisovski,
& Klaassen, 2019).

However, when faster growth is induced by higher temperatures,
the relationship with telomere attrition is not always straightforward
since adult ectotherms can undergo partial telomere restoration
as a result of expressing the enzyme telomerase. Telomerase re-
stores telomere length and is more often active in somatic tissue
after birth in ectotherms than in endotherms (Olsson, Wapstra, &
Friesen, 2018a). Telomerase expression is predicted to be higher in
warmer environments, so potentially compensating for damage to
telomeres in those organisms experiencing temperature-induced
fast growth (Olsson et al., 2018a). This hypothesis is supported by
recent research showing that lizards held in hot basking conditions
for 3 months experienced increases in telomere length, unlike those
held in cooler conditions (Fitzpatrick et al., 2019). Further empirical
studies will clarify the possible interaction between temperature,
growth, and telomerase expression.

The study of telomere dynamics in populations inhabiting diver-
gent temperature conditions might allow us to evaluate the effects
of human-induced thermal stress on ageing rates. This would be par-
ticularly relevant for populations of ectotherms living in regions of
rapid thermal change, especially if they have long generation times
that slow the potential rate of adaptation to changing environments
(Morley, Peck, Sunday, Heiser, & Bates, 2019). Species with shorter
generation time and larger populations are predicted to evolve quickly
while maintaining genetic variation (Hoffmann & Sgro, 2011). Artificial
selection experiments comparing the genetic responses to warming
conditions will help to evaluate the relative importance of genera-
tion time, population size, and plasticity, in evolutionary adaptation
processes. Unfortunately, there is a lack of studies combining bio-
geographical and gerontological approaches which would allow us to
appropriately predict the impact that global warming will have on the

comparative rates of ageing of ectotherms along climatic gradients.

3 | HEAT WAVES AND AGEING IN
ECTOTHERMS

Forecasts for the next 50 years predict a dramatic increase in the
likelihood of heat waves (IPCC, 2014), characterized by sudden rises
in air or water temperature that could reach the upper thermal limits
for many ectotherms (Gunderson & Stillman, 2015). Heat waves are
one of the most powerful environmental forces affecting the wel-
fare and physiology of ectotherms (Kingsolver et al., 2013), and may
cause the acceleration of senescence by inducing thermal stress.
Similar to the alterations caused by other stressful conditions, ther-
mal stress can disrupt individual's homeostasis and compromise or-
ganismal health. In vertebrates, the response to stressful conditions
is mainly regulated by neuroendocrine pathways. These pathways
mediate biological processes such as growth or reproduction (Crespi,
Williams, Jessop, & Delehanty, 2013) but also accelerate the rate of

ageing, as determined, for example, by a higher rate of telomere
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attrition (Angelier, Costantini, Blevin, & Chastel, 2018; Haussmann
& Heidinger, 2015). Stress often leads to a higher secretion of hor-
mones that enhances cellular catabolism and exacerbates the gen-
eration of ROS, with putative impacts on antioxidant defences and
the rate of telomere shortening (Haussmann & Heidinger, 2015;
Haussmann & Marchetto, 2010; Monaghan, 2014). The antioxi-
dant machinery of ectotherms seems to be particularly sensitive
to extreme thermal events, as indicated by strong redox responses
to high temperatures observed in arthropods (e.g. Yang, Huang, &
Wang, 2010) and fish (e.g. Banh, Wiens, Sotiri, & Treberg, 2016). On
the other hand, the redox machinery of some reptiles seems rela-
tively insensitive to thermal stress (e.g. Stahlschmidt, French, Ahn,
Webb, & Butler, 2017), which may be a consequence of the down-
regulation of particular genes in response to warming (Bentley, Haas,
Tedeschi, & Berry, 2017).

Exposure to heat waves can result in accelerated erosion of telo-
meres in ectothermic animals likely as a consequence of enhanced
cellular metabolism under thermal fluctuations (Figure 1b). For in-
stance, sturgeons facing thermal stress experience higher rate of
telomere shortening (Simide, Angelier, Gaillard, & Stier, 2016) and
show increased juvenile mortality (Kappenman, Fraser, Toner, Dean,
& Webb, 2009). Desert lizards, which do not show signs of telomere
shortening or reductions in survival when exposed to gradual warm-
ing, experience telomere shortening and lower overwinter survival
after a week of simulated heat wave conditions (Zhang et al., 2018).
This is perhaps surprising, given the lack of oxidative stress induced
by high temperatures in other reptiles, and highlights the need for
more comprehensive studies investigating the impact of tempera-

ture on physiological indicators of ageing in ectotherms.

4 | INTERGENERATIONAL EFFECTS OF
CLIMATE CHANGE ON AGEING RATES IN
ECTOTHERMS

Stress experienced by parents can influence the physiology of
their offspring. To establish whether the environmental conditions
experienced by parents can influence the rates of ageing of their
offspring, we need to understand the mechanisms whereby rates of
ageing could be transmitted between generations. In the absence of
detailed information on life expectancy (not normally available over
multiple generations), the usual approach is to use a biomarker of
the rate of ageing, such as telomere length. Telomere length at a
given developmental stage is a function of their initial length (i.e. at
zygote), minus the accumulated shortening, plus the amount of res-
toration experienced until that point (Dugdale & Richardson, 2018).

Heritability estimates for telomere length in animals range from
0.18 to >1 (reviewed in Dugdale & Richardson, 2018; Haussmann
& Heidinger, 2015; Reichert et al., 2015), tending to be higher when
measured earlier in life (Dugdale & Richardson, 2018). However, in ec-
totherms (in contrast to most endotherms), telomeres show signs of
elongation after birth in several species (reptiles: Ujvari et al., 2017;
fish: McLennan et al., 2018; amphibians: Burraco et al., 2020). This
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makes it far from straightforward to decide the point in ontogeny
at which telomere length should be compared between parents and
offspring.

If climate warming causes a reduction in the physiological condi-
tion of ectotherms at the time of breeding, this could lead to shorter
telomeres in their offspring through two different routes. First,
stressors could affect germline telomere lengths, causing offspring
to inherit shorter telomeres from parents that were exposed to more
stressful environments. Second, indirect parental effects can cause
faster ageing in offspring, either during the embryonic stages (e.g.
through maternally derived stress hormones or suboptimal tem-
peratures during development), or in the early post-natal stages
(e.g. through changes in parental behaviour or care; Haussmann &
Heidinger, 2015). Both routes may be particularly important for ec-
totherms in a warming world because higher temperatures can in-
duce maturation earlier in life and at a smaller size (Angilletta, Steury,
& Sears, 2004). Smaller size at breeding is often associated with the
production of lower-quality offspring and poor parental care, which
can negatively affect offspring performance at embryonic and post-
birth stages (Angilletta et al., 2004), and cause accelerated ageing
(Haussmann & Heidinger, 2015; Figure 1c). Detrimental thermal con-
ditions experienced by parents can lead to poor offspring condition
as a consequence of a reduction in the energy invested by the par-
ents in each offspring. However, although rare, compensatory re-
sponses by parents or changes in breeding strategies could mitigate
this effect, for example by reducing clutch size to allocate a larger
amount of energy to each offspring (Charnov & Ernest, 2006).

There are several other factors that ideally should be considered
when studying the intergenerational effects of warming on ageing
dynamics in ectotherms. Many ectotherms show sexual dimorphism,
with females typically larger than males, and temperature-depen-
dent sex determination during embryogenesis can also occur. The
negative consequences on ageing caused by warming may be exac-
erbated in species producing females at higher incubation tempera-
tures. Embryos developing as females, and hatching at smaller sizes
due to warming, could then show compensatory growth responses,
which may result in a lifespan penalty (Metcalfe and Monaghan,
2003). Sex differences in lifespan and ageing can also be driven by
the reproductive strategy of species. For example, in polygynous
species, survival declines with age faster in males than in females
(Clutton-Brock & lsvaran, 2007); warming could exacerbate such
sex differences in lifespan by uncoupling the time at which each sex
reaches sexual maturation, a process that may be particularly im-
portant in semelparous species.

5 | CANDIDATE MECHANISMS TO BUFFER
THE EFFECTS OF WARMING ON AGEING IN
ECTOTHERMS

Different mechanisms could allow ectotherms to counteract the
negative effects of climate change on their ageing rate (Figure 2).

Temperature-induced plasticity is a ubiquitous feature of ectothermic
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Global warming pressures on the ageing of ectotherms
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FIGURE 2 Putative impacts of warming conditions on ageing in ectotherms. Higher temperatures are predicted to cause faster growth or
thermal stress in ectotherms, which can involve changes in body size, physiological homeostasis, age at maturation, and/or offspring quality.
Both faster growth and thermal stress can cause a detrimental impact on ageing-related mechanisms, as for example inducing telomere
attrition or oxidative stress. From an eco-evolutionary point of view, a species' biology and buffering mechanisms will likely define the extent
to which warming will impact on ageing both at the individual or intergenerational levels

animals (Gunderson et al., 2017). Adaptive behavioural plasticity can
be essential for thermoregulation in mobile ectotherms and may play
an important role both under gradual warming and during thermal
stress events. At low and medium latitudes, where exposure to the
sun can otherwise cause body temperatures to increase above an
organism's thermal limits, many ectotherms have developed behav-
ioural strategies to avoid overheating (Abram et al., 2017). This is
mainly explained by the fact that metabolic responses do not fol-
low a linear pattern, and at those latitudes small increases in tem-
perature may induce significant changes in metabolism. However,
species at higher latitudes, including polar environments, may be as
vulnerable to global warming as those in the tropics because they
may have very narrow thermal tolerances (Johansson, Orizaola, &
Nilsson-Ortman, 2020; Somero, 2010).

The ability to plastically modify the onset of some life strategies
can reduce the negative impact of warming on ectotherm ageing.
Dormancy, diapause and resting egg stages, processes very com-
mon in ectotherms living in highly seasonal environments, involve
a significant decrease in development and physical activity. In an
endotherm, the edible dormouse, a reduction in telomere attri-
tion has been observed during hibernation (Turbill, Ruf, Smith, &
Bieber, 2013), although intermittent arousal also carries costs in
terms of increased telomere loss (Hoelzl, Cornils, Smith, Moodley,
& Ruf, 2016). Under a global warming scenario, dormant ectotherms
will probably experience a reduction in the duration and number of
dormancy events. Therefore, individuals may need to adjust their
use of dormancy in response to environmental temperatures, to re-

duce the negative effects on ageing. The possible role of this process
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in regulating ageing dynamics has not been tested yet in ectotherms,
but a recent study shows that higher winter and summer tempera-
tures impact positively and negatively, respectively, on telomere
lengths in a hibernating lizard (Axelsson, Wapstra, Miller, Rollings,
& Olsson, 2020).

Adaptive physiological plasticity can also help ectotherms ac-
climate to warmer conditions (Gunderson et al., 2017; Norin &
Metcalfe, 2019; Seebacher et al., 2015). However, both behavioural
and physiological plasticity may prove insufficient to fully compen-
sate for the effects of warming (Gunderson et al., 2017; Gunderson &
Stillman, 2015). This is exemplified by the fact that physiological (e.g.
locomotor, metabolic, heart, enzymatic activity) rates in ectotherms
have increased up to 20% over the last 20 years as result of climate
change, and chronic exposure to higher temperatures has resulted
in reductions in their thermal sensitivity (Norin & Metcalfe, 2019;
Seebacher et al., 2015). Metabolic rates of terrestrial, freshwater,
and marine ectothermic species are predicted to keep increasing
in the coming decades (Seebacher et al., 2015). Plasticity is, on av-
erage, higher in aquatic than terrestrial ectotherms (Gunderson &
Stillman, 2015; Huey et al., 2012; Morley et al., 2019), and it may
buffer the negative impact of warming on ectotherm physiology.
However, plasticity alone cannot fully protect aquatic ectotherms
from overheating (Gunderson et al., 2017). Among ectotherms, crus-
tacea and fish are expected to have smaller decreases in thermal
safety margins when environmental temperatures rise than insects,
reptiles, and amphibians (Gunderson & Stillman, 2015). Measured
impacts of past and current global warming on ectothermic metabo-
lism would suggest that there will be a global acceleration in the rate
of senescence of ectotherms as warming continues.

There are also potential molecular mechanisms that could buffer
warming impact on ageing. These mechanisms might either prevent
damage in cells by reducing the generation of ROS, or repair the
damage already caused. Both metabolic rate, usually measured in
terms of whole-body oxygen consumption, and mitochondrial effi-
ciency, defined as the amount of ATP generated per molecule of ox-
ygen consumed, show great within- and among-individual variation,
and can change in response to environmental conditions (Salin, Auer,
Rey, Selman, & Metcalfe, 2015; Salin et al., 2019). Metabolic plas-
ticity at the organelle and tissue/organ level may allow organisms to
adjust ROS production to increase their resilience to climate change
(Norin & Metcalfe, 2019; Seebacher et al., 2015). Greater mitochon-
drial uncoupling, which reduces the rate of ROS production at the
expense of ATP production efficiency, has been proposed as a mech-
anism to reduce the rate of senescence (the ‘uncoupling to survive’
hypothesis, Mookerjee, Divakaruni, Jastroch, & Brand, 2010). This
mitigation measure comes at a cost of reduced ATP availability and
also increased body heat, since the uncoupling process involves a
thermogenic reaction; there is thus an interesting trade-off between
ROS production and body temperature in organisms facing warming.
Animals may respond by increasing their production of ROS scaven-
ger molecules so as to prevent excessive oxidative damage caused by
responses to warming. As an example, one of the first cellular lines

of defence against pro-oxidants is the reduced form of glutathione,
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the production of which can increase in response to stress events
(Angelier et al., 2018). An increased availability of ROS scavengers
can allow greater metabolic activity, as demonstrated in endotherms
through enhanced growth (Velando, Noguera, da Silva, & Kim, 2019).
However, there is little knowledge about the costs of increased ROS
scavenger production—note that ROS are known to play an essential
role in signalling pathways (Costantini, 2019).

The enhancement of repair mechanisms might also slow down
ageing in ectotherms. The enzyme telomerase restores telomere
length and may play a key role in the extensive regenerative ca-
pacity in organisms with indeterminate growth (Gomes, Shay, &
Wright, 2010). If selection favours higher levels of telomerase ex-
pression in response to warming, it may mitigate the potential dam-
age to telomeres caused by growth acceleration or by thermal stress
(Olsson et al., 2018a). However, the prolonged action of telomerase
can induce ‘immortal cells’ and tumorigenesis (Blasco, 2007), which
may expose adult ectotherms to a higher risk of cancer (Olsson
et al., 2018a; Young, 2018), although our knowledge of the preva-
lence of cancer in wild animals is very limited.

Field and laboratory studies, ideally including cross-fostering and
transgenerational approaches, will help us to understand whether
the action of buffering mechanisms is driven either by plasticity or
local adaptation across populations. A higher degree of complex-
ity can be added by considering the possibility that the dynamics
of ageing-related mechanisms may be tissue-specific. Although
telomere lengths seem to correlate among tissues (e.g. in reptiles:
Rollings et al., 2019, 2020), differences in cell division and turnover
rate, together with the possible tissue-specific expression of buff-
ering mechanisms, may imply divergent responses in ageing-related
mechanisms at the tissue level. Evidence from mammals suggests
that telomere attrition rates are similar across tissues in adults,
but not necessarily so in early life (Daniali et al., 2013; Sabharwal
et al.,, 2018), so the life stage at which the temperature effects occur
could be important. Conducting longitudinal studies on the variation
of ageing mechanisms at the tissue level is challenging, since ter-
minal sampling is often required, but cross-sectional studies should
help to disentangle this topic. It is clear that much more research is
needed to fully understand the role that behavioural, physiological,
and molecular mechanisms can play in buffering the effects of cli-

mate change on the ageing of ectotherms.

6 | HOW MIGHT THESE CONCEPTS HELP
IN THE CONSERVATION OF ECTOTHERMS—
AND WHAT DO WE STILL NEED TO FIND
ouT?

There are issues that need to be taken into account in the context
of ectotherm conservation in the face of environmental warm-
ing. It is crucial to know how different environmental conditions
affect the ageing rate of ectotherms at the individual level and
across developmental stages or lifetimes, as well as to understand

how among-species differences in life histories can influence the

85UB0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ar1q1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBI WD A8 | IMAeIq U1 UO//SANY) SUORIPUOD pue SWB | 38U 88S " [7202/50/yT] Uo Ariqi]auljuo 8|1 BSAeR N YIESH JO SSInMisu| luoiieN Aq S0EST GOB/TTTT 0T/10p/w0d A8 Areiq1puljuo//sdny wouy papeojumod ‘0T ‘0202 ‘98vZS9ET



BURRACO ET AL.

5378
—l—Wl [B2A%  [Global Change Biology

impact of environmental change on ageing dynamics. Studies of
the ageing machinery in ectotherms inhabiting contrasting envi-
ronments may provide insights into the current health status of
populations that may aid in defining conservation actions. As an
example, forest clearing reduces canopy cover and leads to an in-
crease in the duration of sunlight exposure, modifying the thermal
regime in nest sites of lizards (e.g. Shine, Barrott, & Elphick, 2002).
Comparing the ageing dynamics of populations with different ac-
cess to forest shade would help to better evaluate the impact that
forest management can have in mitigating the adverse effect of
rising temperatures on these lizard populations. A similar approach
can be applied to aquatic ectotherms. Climate change is increasing
the likelihood of droughts and the sudden change of water tem-
perature in small ponds. The evaluation of ageing dynamics across
populations may help to identify those populations under risk due
to thermal stress and to implement conservation actions such as
the installation of microclimate refuges, the restoration of breed-
ing sites, or the manipulation of hydroperiod at breeding ponds
(Shoo et al., 2011).

Several research questions are still unresolved regarding the im-
pact of warming on the ageing of ectotherms. We need to know the
relative importance of high average temperature versus heat waves
in affecting rates of ageing, and which ectothermic taxa are most
vulnerable to changes in ageing. This is particularly important for
invertebrates, where there is currently virtually no information on
ageing mechanisms in wild populations. An understanding of these
differences will allow managers to develop effective conservation
measures that will protect not only declining populations but also
others that are apparently healthy. Furthermore, it will allow more
accurate modelling of the impact of future warming scenarios on
ageing rates in ectotherms that can feed into population models
used to set conservation priorities.

7 | CONCLUSIONS

Temperature increases associated with climate change may alter age-
ing-related processes in ectotherms, as a consequence of changes
in their growth trajectories or an increased risk of thermal stress,
and both processes may include intergenerational effects (Figure 2).
However, there is a need for more ecological, biogeographical, and
evolutionary studies on the impact of global climate change on pat-
terns of senescence in wild populations of ectotherms (even more
in invertebrates) facing warming conditions. This research should
also investigate the possible role of candidate behavioural, cellular,
and physiological mechanisms for buffering the predicted negative
consequences of warming on the rate of ageing. We also need to
understand the putative population consequences of changes in
ageing rate, and to link these to location-specific predictions of cli-
mate change, to determine which populations and/or species are
most vulnerable. Ideally, this information needs to be combined with
species-specific knowledge on plasticity or evolutionary adaptability

in response to thermal changes (Morley et al., 2019). Understanding

the basic effects of climate warming on the ageing rates of ectother-
mic species will help in developing global and local scientific-based
policies aiming at reducing the negative consequences of climatic

change on biodiversity.

ACKNOWLEDGEMENTS

We thank three anonymous referees for helpful comments on the
manuscript. P.B. was supported by a Marie-Sktodowska-Curie indi-
vidual fellowship (797879-METAGE project) and by Carl Tryggers
Foundation project CT 16:344. G.O. was supported by a Spanish
Ministry of Science, Innovation and Universities ‘Ramén y Cajal’
contract (RYC-2016-20656). P.M. and N.M. were funded by Natural
Environment Research Council grant NE/R001510/1, and N.M. by
European Research Council Advanced Grant 834653.

CONFLICT OF INTEREST

We declare no conflict of interest.

ORCID

Pablo Burraco https://orcid.org/0000-0002-9007-2643
https://orcid.org/0000-0002-6748-966X

https://orcid.org/0000-0003-2430-0326

https://orcid.org/0000-0002-1970-9349

Germdn Orizaola
Pat Monaghan
Neil B. Metcalfe

REFERENCES

Abram, P. K., Boivin, G., Moiroux, J., & Brodeur, J. (2017). Behavioural ef-
fects of temperature on ectothermic animals: Unifying thermal phys-
iology and behavioural plasticity. Biological Reviews, 92, 1859-1876.
https://doi.org/10.1111/brv.12312

Altwegg, R., & Reyer, H. U. (2003). Patterns of natural selection on size at
metamorphosis in water frogs. Evolution, 57, 872-882.

Angelier, F., Costantini, D., Blevin, P., & Chastel, O. (2018). Do gluco-
corticoids mediate the link between environmental conditions
and telomere dynamics in wild vertebrates? A review. General and
Comparative Endocrinology, 256, 99-111. https://doi.org/10.1016/j.
ygcen.2017.07.007

Angilletta, J. R., & Dunham, A. E. (2003). The temperature-size rule in
ectotherms: Simple evolutionary explanations may not be general.
American Naturalist, 162, 332-342. https://doi.org/10.1086/377187

Angilletta Jr., M. J., Steury, T. D., & Sears, M. W. (2004). Temperature,
growth rate, and body size in ectotherms: Fitting pieces of a life-his-
tory puzzle. Integrative and Comparative Biology, 44, 498-509.

Aubert, G., & Lansdorp, P. M. (2008). Telomeres and aging. Physiological
Reviews, 88, 557-579. https://doi.org/10.1152/physrev.00026.2007

Axelsson, J., Wapstra, E., Miller, E., Rollings, N., & Olsson, M. (2020).
Contrasting seasonal patterns of telomere dynamics in response to
environmental conditions in the ectothermic sand lizard, Lacerta agi-
lis. Scientific Reports, 10, 1-9. https://doi.org/10.1038/s41598-019-
57084-5

Badas, E. P., Martinez, J., de Aguilar, R., Cachafeiro, J., Miranda,
F., Figuerola, J., & Merino, S. (2015). Ageing and reproduction:
Antioxidant supplementation alleviates telomere loss in wild birds.
Journal of Evolutionary Biology, 28, 896-905. https://doi.org/10.1111/
jeb.12615

Banh, S., Wiens, L., Sotiri, E., & Treberg, J. R. (2016). Mitochondrial re-
active oxygen species production by fish muscle mitochondria:
Potential role in acute heat-induced oxidative stress. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular
Biology, 191, 99-107. https://doi.org/10.1016/j.cbpb.2015.10.001

85UB0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ar1q1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBI WD A8 | IMAeIq U1 UO//SANY) SUORIPUOD pue SWB | 38U 88S " [7202/50/yT] Uo Ariqi]auljuo 8|1 BSAeR N YIESH JO SSInMisu| luoiieN Aq S0EST GOB/TTTT 0T/10p/w0d A8 Areiq1puljuo//sdny wouy papeojumod ‘0T ‘0202 ‘98vZS9ET



BURRACO ET AL.

Barnes, R. P., Fouquerel, E., & Opresko, P. L. (2018). The impact of oxida-
tive DNA damage and stress on telomere homeostasis. Mechanisms
of Ageing and Development, 177, 37-45.

Bateson, M., & Poirier, C. (2019). Can biomarkers of biological age be
used to assess cumulative lifetime experience. Animal Welfare, 28,
41-56. https://doi.org/10.7120/09627286.28.1.041

Baudron, A. R, Needle, C. L., Rijnsdorp, A. D., & Tara Marshall, C. (2014).
Warming temperatures and smaller body sizes: Synchronous changes
in growth of North Sea fishes. Global Change Biology, 20, 1023-1031.
https://doi.org/10.1111/gcb.12514

Bentley, B. P., Haas, B. J., Tedeschi, J. N., & Berry, O. (2017). Loggerhead
sea turtle embryos (Caretta caretta) regulate expression of stress
response and developmental genes when exposed to a biologically
realistic heat stress. Molecular Ecology, 26, 2978-2992.

Bickford, D. P., Sheridan, J. A., & Howard, S. D. (2011). Climate change
responses: Forgetting frogs, ferns and flies? Trends in Ecology &
Evolution, 26, 553-554. https://doi.org/10.1016/j.tree.2011.06.016

Blasco, M. A. (2007). Telomere length, stem cells and aging. Nature
Chemical Biology, 3, 640. https://doi.org/10.1038/nchembio.2007.38

Burraco, P., Diaz-Paniagua, C., & Gomez-Mestre, I. (2017). Different ef-
fects of accelerated development and enhanced growth on oxida-
tive stress and telomere shortening in amphibian larvae. Scientific
Reports, 7, 7494. https://doi.org/10.1038/541598-017-07201-z

Burraco, P., Valdés, A. E., & Orizaola, G. (2020). Metabolic costs
of altered growth trajectories across life transitions in am-
phibians. Journal of Animal Ecology, 89, 855-866. https://doi.
org/10.1111/1365-2656.13138

Charnov, E. L., & Ernest, S. M. (2006). The offspring-size/clutch-size
trade-off in mammals. American Naturalist, 167, 578-582. https://doi.
org/10.1086/501141

Chatelain, M., Drobniak, S. M., & Szulkin, M. (2020). The association be-
tween stressors and telomeres in non-human vertebrates: A meta-
analysis. Ecology Letters, 23, 381-398. https:/doi.org/10.1111/
ele.13426

Clutton-Brock, T. H., & Isvaran, K. (2007). Sex differences in ageing in
natural populations of vertebrates. Proceedings of the Royal Society
B: Biological Sciences, 274, 3097-3104. https://doi.org/10.1098/
rspb.2007.1138

Comfort, A. (1963). Effect of delayed and resumed growth on the lon-
gevity of a fish (Lebistes reticulatus, Peters) in captivity. Gerontology,
8, 150-155. https://doi.org/10.1159/000211216

Costantini, D.(2019). Understanding diversity in oxidative status and oxidative
stress: The opportunities and challenges ahead. Journal of Experimental
Biology, 222, jeb194688. https:/doi.org/10.1242/jeb.194688

Crespi, E. J., Williams, T. D., Jessop, T. S., & Delehanty, B. (2013). Life
history and the ecology of stress: How do glucocorticoid hormones
influence life-history variation in animals? Functional Ecology, 27, 93-
106. https://doi.org/10.1111/1365-2435.12009

Daniali, L., Benetos, A., Susser, E., Kark, J. D., Labat, C., Kimura, M.,
... Aviv, A. (2013). Telomeres shorten at equivalent rates in so-
matic tissues of adults. Nature Communications, 4, 1-7. https://doi.
org/10.1038/ncomms2602

De Block, M., & Stoks, R. (2008). Compensatory growth and oxidative
stress in a damselfly. Proceedings of the Royal Society B: Biological
Sciences, 275, 781-785. https://doi.org/10.1098/rspb.2007.1515

Debes, P. V., Visse, M., Panda, B., Ilmonen, P., & Vasemigi, A. (2016). Is
telomere length a molecular marker of past thermal stress in wild
fish? Molecular Ecology, 25, 5412-5424. https://doi.org/10.1111/
mec.13856

Diffenbaugh, N. S., & Field, C. B. (2013). Changes in ecologically criti-
cal terrestrial climate conditions. Science, 341, 486-492. https://doi.
org/10.1126/science.1237123

Dmitriew, C. M. (2011). The evolution of growth trajectories: What
limits growth rate? Biological Reviews, 86, 97-116. https://doi.
org/10.1111/j.1469-185X.2010.00136.x

5379
& [Blobal Change Biology g4 ]_EYJ—

Dugdale, H. L., & Richardson, D. S. (2018). Heritability of telomere
variation: It is all about the environment! Philosophical Transactions
of the Royal Society B, 373, 20160450. https://doi.org/10.1098/
rstb.2016.0450

Fitzpatrick, L. J., Olsson, M., Parsley, L. M., Pauliny, A., Pinfold, T. L., Pirtle,
T., ... Wapstra, E. (2019). Temperature and telomeres: Thermal treat-
ment influences telomere dynamics through a complex interplay of
cellular processes in a cold-climate skink. Oecologia, 191, 767-776.
https://doi.org/10.1007/s00442-019-04530-w

Furtado-Filho, O. V., Polcheira, C., Machado, D. P., Mourdo, G., &
Hermes-Lima, M. (2007). Selected oxidative stress markers in a
South American crocodilian species. Comparative Biochemistry and
Physiology Part C: Toxicology & Pharmacology, 146, 241-254. https://
doi.org/10.1016/j.cbpc.2006.11.017

Gomes, N. M., Shay, J. W., & Wright, W. E. (2010). Telomere biology in
Metazoa. FEBS Letters, 584, 3741-3751. https://doi.org/10.1016/
j.febslet.2010.07.031

Guerra, C., Zenteno-Savin, T., Maeda-Martinez, A. N., Philipp, E. E. R., &
Abele, D. (2012). Changes in oxidative stress parameters in relation
to age, growth and reproduction in the short-lived catarina scallop
Argopecten ventricosus reared in its natural environment. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology,
162,421-430. https://doi.org/10.1016/j.cbpa.2012.04.018

Gunderson, A. R., Dillon, M. E., & Stillman, J. H. (2017). Estimating the
benefits of plasticity in ectotherm heat tolerance under natural
thermal variability. Functional Ecology, 31, 1529-1539. https://doi.
org/10.1111/1365-2435.12874

Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in thermal tolerance
has limited potential to buffer ectotherms from global warming.
Proceedings of the Royal Society B: Biological Sciences, 282, 20150401.
https://doi.org/10.1098/rspb.2015.0401

Halliwell, B., & Gutteridge, J. M. (2015). Free radicals in biology and medi-
cine. New York, NY: Oxford University Press.

Haussmann, M. F., & Heidinger, B. J. (2015). Telomere dynamics may link
stress exposure and ageing across generations. Biology Letters, 11,
20150396. https://doi.org/10.1098/rsbl.2015.0396

Haussmann, M. F., & Marchetto, N. M. (2010). Telomeres: Linking stress
and survival, ecology and evolution. Current Zoology, 56, 714-727.
https://doi.org/10.1093/czoolo/56.6.714

Hoelzl, F., Cornils, J. S., Smith, S., Moodley, Y., & Ruf, T. (2016). Telomere
dynamics in free-living edible dormice (Glis glis): The impact of hi-
bernation and food supply. Journal of Experimental Biology, 219,
2469-2474.

Hoffmann, A. A., & Sgro, C. M. (2011). Climate change and evolutionary
adaptation. Nature, 470, 479. https://doi.org/10.1038/nature09670

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A., Jess, M.,
& Williams, S. E. (2012). Predicting organismal vulnerability to cli-
mate warming: Roles of behaviour, physiology and adaptation.
Philosophical Transactions of the Royal Society B, 367, 1665-1679.
https://doi.org/10.1098/rstb.2012.0005

IPCC.(2014). Climate change 2014: Synthesis report. Contribution of working
groups |, Il and I11 to the fifth assessment report of the Intergovernmental
Panel on Climate Change. Core Writing Team, R. K. Pachauri, & L. A.
Meyer (Eds.). Geneva, Switzerland: IPCC, 151 pp.

Johansson, F., Orizaola, G., & Nilsson-Ortman, V. (2020). Temperate in-
sects with narrow seasonal activity periods can be as vulnerable to
climate change as tropical insect species. Scientific Reports, 10, 8822.

Kappenman, K. M., Fraser, W. C., Toner, M., Dean, J., & Webb, M. A.
(2009). Effect of temperature on growth, condition, and survival of
juvenile shovelnose sturgeon. Transactions of the American Fisheries
Society, 138, 927-937. https://doi.org/10.1577/T07-265.1

Kim, S. Y., Noguera, J. C., & Velando, A. (2019). Carry-over effects of
early thermal conditions on somatic and germline oxidative damages
are mediated by compensatory growth in sticklebacks. Journal of
Animal Ecology, 88, 473-483.

85UB0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ar1q1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBI WD A8 | IMAeIq U1 UO//SANY) SUORIPUOD pue SWB | 38U 88S " [7202/50/yT] Uo Ariqi]auljuo 8|1 BSAeR N YIESH JO SSInMisu| luoiieN Aq S0EST GOB/TTTT 0T/10p/w0d A8 Areiq1puljuo//sdny wouy papeojumod ‘0T ‘0202 ‘98vZS9ET



BURRACO ET AL.

5380
—l—Wl [B2A%  [Global Change Biology

Kingsolver, J. G., Diamond, S. E., & Buckley, L. B. (2013). Heat stress
and the fitness consequences of climate change for terrestrial ecto-
therms. Functional Ecology, 27, 1415-1423. https://doi.org/10.1111/
1365-2435.12145

Lee, K. P,, & Roh, C. (2010). Temperature-by-nutrient interactions affect-
ing growth rate in an insect ectotherm. Entomologia Experimentalis et
Applicata, 136, 151-163. https://doi.org/10.1111/j.1570-7458.2010.
01018.x

Lee, W. S., Monaghan, P., & Metcalfe, N. B. (2013). Experimental demon-
stration of the growth rate-lifespan trade-off. Proceedings of the
Royal Society B: Biological Sciences, 280, 20122370. https://doi.
org/10.1098/rspb.2012.2370

Lopez-Otin, C., Blasco, M. A,, Partridge, L., Serrano, M., & Kroemer, G.
(2013). The hallmarks of aging. Cell, 153, 1194-1217. https://doi.
org/10.1016/j.cell.2013.05.039

McLennan, D., Armstrong, J. D., Stewart, D. C., McKelvey, S., Boner, W.,
Monaghan, P., & Metcalfe, N. B. (2016). Interactions between paren-
tal traits, environmental harshness and growth rate in determining
telomere length in wild juvenile salmon. Molecular Ecology, 25, 5425~
5438. https://doi.org/10.1111/mec.13857

McLennan, D., Armstrong, J. D., Stewart, D. C., Mckelvey, S., Boner, W.,
Monaghan, P., & Metcalfe, N. B. (2018). Telomere elongation during
early development is independent of environmental temperatures
in Atlantic salmon. Journal of Experimental Biology, 221, jeb-178616.
https://doi.org/10.1242/jeb.178616

Metcalfe, N. B., & Monaghan, P. (2001). Compensation for a bad start:
Grow now, pay later? Trends in Ecology & Evolution, 16, 254-260.
https://doi.org/10.1016/5S0169-5347(01)02124-3

Metcalfe, N. B., & Monaghan, P. (2003). Growth versus lifespan:
Perspectives from evolutionary ecology. Experimental Gerontology,
38, 935-940. https://doi.org/10.1016/50531-5565(03)00159-1

Monaghan, P. (2014). Organismal stress, telomeres and life histories.
Journal of Experimental Biology, 217, 57-66. https://doi.org/10.1242/
jeb.090043

Monaghan, P., & Ozanne, S. E. (2018). Somatic growth and telomere dy-
namics in vertebrates: Relationships, mechanisms and consequences.
Philosophical Transactions of the Royal Society B, 373, 20160446.
https://doi.org/10.1098/rstb.2016.0446

Mookerjee, S. A., Divakaruni, A. S., Jastroch, M., & Brand, M. D.
(2010). Mitochondrial uncoupling and lifespan. Mechanisms of
Ageing and Development, 131, 463-472. https://doi.org/10.1016/
j.mad.2010.03.010

Morley, S. A., Peck, L. S., Sunday, J. M., Heiser, S., & Bates, A. E. (2019).
Physiological acclimation and persistence of ectothermic species
under extreme heat events. Global Ecology and Biogeography, 28,
1018-1037. https://doi.org/10.1111/geb.12911

Norin, T., & Metcalfe, N. B. (2019). Ecological and evolutionary conse-
quences of metabolic rate plasticity in response to environmental
change. Philosophical Transactions of the Royal Society B: Biological
Sciences, 374, 20180180. https://doi.org/10.1098/rstb.2018.0180

Ohlberger, J. (2013). Climate warming and ectotherm body size-From
individual physiology to community ecology. Functional Ecology, 27,
991-1001. https://doi.org/10.1111/1365-2435.12098

Olsson, M., & Shine, R. (2002). Growth to death in lizards. Evolution, 56,
1867-1870.

Olsson, M., Wapstra, E., & Friesen, C. (2018a). Ectothermic telomeres:
It's time they came in from the cold. Philosophical Transactions of
the Royal Society B: Biological Sciences, 373, 20160449. https://doi.
org/10.1098/rstb.2016.0449

Olsson, M., Wapstra, E., & Friesen, C. R. (2018b). Evolutionary ecology
of telomeres: A review. Annals of the New York Academy of Sciences,
1422, 5-28.

Parmesan, C.(2006). Ecological and evolutionary responses to recent climate
change. Annual Review of Ecology, Evolution, and Systematics, 37, 637-
669. https://doi.org/10.1146/annurev.ecolsys.37.091305.110100

Pauliny, A., Devlin, R. H., Johnsson, J. |, & Blomqvist, D. (2015). Rapid
growth accelerates telomere attrition in a transgenic fish. BMC
Evolutionary Biology, 15, 159. https:/doi.org/10.1186/s12862-015-
0436-8

Pineda-Pampliega, J., Herrera-Duefas, A., Mulder, E., Aguirre, J. |., Hofle,
U., & Verhulst, S. (2020). Antioxidant supplementation slows telo-
mere shortening in free-living white stork chicks. Proceedings of
the Royal Society B: Biological Sciences, 287, 20191917. https://doi.
org/10.1098/rspb.2019.1917

Price, E. R,, Sirsat, T. S, Sirsat, S. K. G., Kang, G., Keereetaweep, J., Aziz,
M., ... Dzialowski, E. M. (2017). Thermal acclimation in American alli-
gators: Effects of temperature regime on growth rate, mitochondrial
function, and membrane composition. Journal of Thermal Biology, 68,
45-54, https://doi.org/10.1016/j.jtherbio.2016.06.016

Reichert, S., Rojas, E. R., Zahn, S., Robin, J. P., Criscuolo, F., & Massemin,
S. (2015). Maternal telomere length inheritance in the king penguin.
Heredity, 114, 10-16. https://doi.org/10.1038/hdy.2014.60

Reichert, S., & Stier, A. (2017). Does oxidative stress shorten telomeres in
vivo? A review. Biology Letters, 13,20170463.

Richter, T., & von Zglinicki, T. (2007). A continuous correlation be-
tween oxidative stress and telomere shortening in fibroblasts.
Experimental Gerontology, 42, 1039-1042. https://doi.org/10.1016/
j.exger.2007.08.005

Rollings, N., Friesen, C. R., Whittington, C. M., Johansson, R., Shine, R.,
& Olsson, M. (2019). Sex- and tissue-specific differences in telomere
length in a reptile. Ecology and Evolution, 9, 6211-6219. https://doi.
org/10.1002/ece3.5164

Rollings, N., Waye, H. L., Krohmer, R. W., Uhrig, E. J., Mason, R. T,
Olsson, M., ... Friesen, C. R. (2020). Sperm telomere length correlates
with blood telomeres and body size in red-sided garter snakes,
Thamnophis sirtalis parietalis. Journal of Zoology, in press. https://doi.
org/10.1111/jz0.12789

Ruthsatz, K., Peck, M. A., Dausmann, K. H., Sabatino, N. M., & Glos, J.
(2018). Patterns of temperature induced developmental plasticity in
anuran larvae. Journal of Thermal Biology, 74, 123-132. https://doi.
org/10.1016/j.jtherbio.2018.03.005

Sabharwal, S., Verhulst, S., Guirguis, G., Kark, J. D., Labat, C., Roche,
N. E., ... Aviv, A. (2018). Telomere length dynamics in early life: The
blood-and-muscle model. The FASEB Journal, 32, 529-534. https://
doi.org/10.1096/fj.201700630r

Salin, K., Auer, S. K., Rey, B., Selman, C., & Metcalfe, N. B. (2015).
Variation in the link between oxygen consumption and ATP pro-
duction, and its relevance for animal performance. Proceedings of
the Royal Society B: Biological Sciences, 282, 20151028. https://doi.
org/10.1098/rspb.2015.1028

Salin, K., Villasevil, E. M., Anderson, G. J.,, Lamarre, S. G., Melanson, C.
A., McCarthy, I, ... Metcalfe, N. B. (2019). Differences in mitochon-
drial efficiency explain individual variation in growth performance.
Proceedings of the Royal Society B: Biological Sciences, 286, 20191466.
https://doi.org/10.1098/rspb.2019.1466

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plasticity
increases resilience of ectothermic animals to climate change. Nature
Climate Change, 5, 61. https:/doi.org/10.1038/nclimate2457

Shine, R., Barrott, E. G., & Elphick, M. J. (2002). Some like it hot: Effects of
forest clearing on nest temperatures of montane reptiles. Ecology, 83,
2808-2815. https://doi.org/10.1890/0012-9658(2002)083[2808:S-
LIHEQ]2.0.CO;2

Shoo, L. P,, Olson, D. H., McMenamin, S. K., Murray, K. A., Van Sluys,
M., Donnelly, M. A., ... Hero, J.-M. (2011). Engineering a future for
amphibians under climate change. Journal of Applied Ecology, 48, 487-
492. https://doi.org/10.1111/j.1365-2664.2010.01942.x

Simide, R., Angelier, F., Gaillard, S., & Stier, A. (2016). Age and heat stress
as determinants of telomere length in a long-lived fish, the Siberian
sturgeon. Physiological and Biochemical Zoology, 89, 441-447. https://
doi.org/10.1086/687378

85UB0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ar1q1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBI WD A8 | IMAeIq U1 UO//SANY) SUORIPUOD pue SWB | 38U 88S " [7202/50/yT] Uo Ariqi]auljuo 8|1 BSAeR N YIESH JO SSInMisu| luoiieN Aq S0EST GOB/TTTT 0T/10p/w0d A8 Areiq1puljuo//sdny wouy papeojumod ‘0T ‘0202 ‘98vZS9ET



BURRACO ET AL.

Smith, S. M., Nager, R. G., & Costantini, D. (2016). Meta-analysis indicates
that oxidative stress is both a constraint on and a cost of growth. Ecology
and Evolution, 6, 2833-2842. https://doi.org/10.1002/ece3.2080

Somero, G. N. (2010). The physiology of climate change: How potentials
for acclimatization and genetic adaptation will determine ‘winners’
and ‘losers’. Journal of Experimental Biology, 213, 912-920. https://
doi.org/10.1242/jeb.037473

Speakman, J. R. (2005). Body size, energy metabolism and lifes-
pan. Journal of Experimental Biology, 208, 1717-1730. https://doi.
org/10.1242/jeb.01556

Stahlschmidt, Z. R., French, S. S., Ahn, A., Webb, A., & Butler, M. W.
(2017). A simulated heat wave has diverse effects on immune func-
tion and oxidative physiology in the corn snake (Pantherophis gutta-
tus). Physiological and Biochemical Zoology, 90, 434-444.

Stark, G., & Meiri, S. (2018). Cold and dark captivity: Drivers of amphibian
longevity. Global Ecology and Biogeography, 27, 1384-1397. https://
doi.org/10.1111/geb.12804

Stark, G., Tamar, K., Itescu, Y., Feldman, A., & Meiri, S. (2018). Cold and
isolated ectotherms: Drivers of reptilian longevity. Biological Journal
of the Linnean Society, 125, 730-740. https://doi.org/10.1093/bioli
nnean/bly153

Sunday, J. M., Bates, A. E., Kearney, M. R,, Colwell, R. K., Dulvy, N. K.,
Longino, J. T., & Huey, R. B. (2014). Thermal-safety margins and the
necessity of thermoregulatory behavior across latitude and elevation.
Proceedings of the National Academy of Sciences of the United States of
America, 111, 5610-5615. https://doi.org/10.1073/pnas.1316145111

Tian, X., Seluanov, A., & Gorbunova, V. (2017). Molecular mechanisms
determining lifespan in short-and long-lived species. Trends in
Endocrinology & Metabolism, 28, 722-734. https://doi.org/10.1016/].
tem.2017.07.004

Tricola, G. M., Simons, M. J. P, Atema, E., Boughton, R. K., Brown, J. L.,
Dearborn, D. C,, ... Haussmann, M. F. (2018). The rate of telomere loss
is related to maximum lifespan in birds. Philosophical Transactions of the
Royal Society B, 373,20160445. https:/doi.org/10.1098/rsth.2016.0445

Turbill, C., Ruf, T., Smith, S., & Bieber, C. (2013). Seasonal variation in
telomere length of a hibernating rodent. Biology Letters, 9, 20121095.
https://doi.org/10.1098/rsbhl.2012.1095

j 5381
% dlo e et WILEY

Ujvari, B., Biro, P. A, Charters, J. E., Brown, G., Heasman, K., Beckmann,
C., & Madsen, T. (2017). Curvilinear telomere length dynamics in
a squamate reptile. Functional Ecology, 31, 753-759. https://doi.
org/10.1111/1365-2435.12764

Velando, A., Noguera, J. C., da Silva, A., & Kim, S. V. (2019). Redox-
regulation and life-history trade-offs: Scavenging mitochondrial ROS
improves growth in a wild bird. Scientific Reports, 9, 2203. https://doi.
org/10.1038/s41598-019-38535-5

Wilbourn, R. V., Moatt, J. P,, Froy, H., Walling, C. A., Nussey, D. H., &
Boonekamp, J. J. (2018). The relationship between telomere length
and mortality risk in non-model vertebrate systems: A meta-analysis.
Philosophical Transactions of the Royal Society B: Biological Sciences,
373, 20160447. https://doi.org/10.1098/rstb.2016.0447

Yang, L. H., Huang, H., & Wang, J. J. (2010). Antioxidant responses of cit-
rus red mite, Panonychus citri (McGregor) (Acari: Tetranychidae), ex-
posed to thermal stress. Journal of Insect Physiology, 56, 1871-1876.
https://doi.org/10.1016/j.jinsphys.2010.08.006

Young, A. J. (2018). The role of telomeres in the mechanisms and evolu-
tion of life-history trade-offs and ageing. Philosophical Transactions of
the Royal Society B: Biological Sciences, 373, 20160452.

Zhang, Q., Han, X., Hao, X., Ma, L., Li, S., Wang, Y., & Du, W. (2018). A
simulated heat wave shortens the telomere length and lifespan of
a desert lizard. Journal of Thermal Biology, 72, 94-100. https://doi.
org/10.1016/j.jtherbio.2018.01.004

Zhao, M, Klaassen, C. A., Lisovski, S., & Klaassen, M. (2019). The ade-
quacy of aging techniques in vertebrates for rapid estimation of pop-
ulation mortality rates from age distributions. Ecology and Evolution,
9, 1394-1402. https://doi.org/10.1002/ece3.4854

How to cite this article: Burraco P, Orizaola G, Monaghan P,
Metcalfe NB. Climate change and ageing in ectotherms. Glob
Change Biol. 2020;26:5371-5381. https://doi.org/10.1111/
gcb.15305

85UB0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N J0 S8|ni 10y Ar1q1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBI WD A8 | IMAeIq U1 UO//SANY) SUORIPUOD pue SWB | 38U 88S " [7202/50/yT] Uo Ariqi]auljuo 8|1 BSAeR N YIESH JO SSInMisu| luoiieN Aq S0EST GOB/TTTT 0T/10p/w0d A8 Areiq1puljuo//sdny wouy papeojumod ‘0T ‘0202 ‘98vZS9ET



PERPUSTAKAAN SULTANAH NUR ZAHIRAH
BAHAGIAN PENGURUSAN DAN PERKHIDMATAN MAKLUMAT &

SELECTIVE DISSEMINATION OF INFORMATION!(SDI)

GLOBAL WARMING EFFECTS ON ECTOTHERM SPECIES

ARTICLES FOR FACULTY MEMBERS

Evidence of stronger range shift response to ongoing climate change by
Title/Author ectotherms and high-latitude species / Ramalho, Q., Vale, M. M., Manes, S.,
Diniz, P., Malecha, A., & Prevedello, J. A

Biological Conservation
Volume 279 (2023) 109911 Pages 1-9
https://doi.org/10.1016/j.biocon.2023.109911
(Database: ScienceDirect)

Source

26th May 2024


https://doi.org/10.1016/j.biocon.2023.109911

Biological Conservation 279 (2023) 109911

o %

ELSEVIER

Contents lists available at ScienceDirect
Biological Conservation

journal homepage: www.elsevier.com/locate/biocon

==

BIOLOGICAL
CONSERVATION

»

Check for

Evidence of stronger range shift response to ongoing climate change by e

ectotherms and high-latitude species

Quezia Ramalho ® ', Mariana M. Vale”, Stella Manes ¢, Paula Diniz ¢, Artur Malecha?,

Jayme A. Prevedello ¢

@ Programa de Pés-Graduagao em Ecologia e Evolugao (PPGEE), Universidade do Estado do Rio de Janeiro, Rio de Janeiro, RJ 20550900, Brazil
b Departamento de Ecologia, Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, RJ, Brazil

¢ Programa de Pés-Graduagao em Ecologia (PPGE), Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, RJ, Brazil

d Departamento de Ecologia, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, RJ 20550900, Brazil

ARTICLE INFO ABSTRACT

A well-known response of biodiversity to ongoing climate change is range shifts towards cooler temperature
areas. Still, a major gap remains in the understanding of the latitudinal component and the differences between
ectotherms and endotherms in these responses. The accumulation of evidence of observed climate tracking over
the years provides an opportunity to close these gaps. Here, we evaluate latitude and species’ thermoregulation
as explanatory variables in climate-induced range shifts. We conducted an extensive literature review, selecting
empirical studies that provided information about the direction and/or magnitude of climate-induced latitudinal
and altitudinal range shifts of almost 400 species. We built linear mixed models to analyze both categorical and
continuous distribution data. We showed that many species consistently shifted their ranges towards the poles or
higher altitudes. Most importantly, we found that the higher the latitude, the greater the latitudinal range shift,
and that ectotherms show stronger range shift responses to ongoing climate change than endotherms. Our
findings show that range shifts are already occurring as a result of mild global warming. As global warming
intensifies, species might soon reach hard adaptation limits, where shifting ranges is no longer an option,

Original content: Climate-induced range shifts
description (Original data)

Keywords:

Climate change
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Global change
Observed change
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especially for ectotherms and high-latitude species.

1. Introduction

Biodiversity has faced many challenges in the last century, which are
likely to intensify in the future. Countless studies have focused on pro-
jecting the potential impacts of different human-induced environmental
changes on biodiversity, providing worrisome risk estimates for the
future of the planet (e.g. Manes and Vale, 2022; Ramalho et al., 2021;
Segan et al., 2016; Tourinho et al., 2021; Warren et al., 2018). Among
the main drivers of biodiversity change, climate change has received
particular attention, as it is expected to become a major threat in the
near future (Portner et al., 2021). Most studies have focused on the
potential future changes to species’ geographical distribution because,
as climate shifts, so will species towards suitable climates, a phenome-
non known as ‘climate tracking’. These predictions indicate a likely
severe shrinkage and displacement of species distributions (Chaudhary
et al., 2021; e.g. Manes et al., 2021; Urban, 2018).

Although ongoing climate change is predicted to put biodiversity at
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E-mail address: queziaramalho@gmail.com (Q. Ramalho).
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risk in the future, there is strong evidence that the so-called future has
already begun. The average global temperature has already increased
~1.1 °C as compared to pre-industrial times (Allan et al., 2021), and
many impacts on biodiversity have already been observed and quanti-
fied (Lane et al., 2012; e.g. Pacifici et al., 2017; Parmesan et al., 2003).
Studies focusing on ongoing climate change provide concrete empirical
evidence of the impact that has already been inflicted upon species
(Parmesan and Yohe, 2003). Observed impacts, however, are much
harder to identify, in part due to the difficulty in attributing observed
changes in biodiversity to climate change as opposed to other stressors
such as overexploitation or habitat loss (Cramer et al., 2014). Still, there
is growing evidence of adverse impacts of climate change on biodiver-
sity, including changes in ecosystem structure, species’ phenology and
abundance, species range shifts, and the first climate change-driven
species extinctions (Parmesan and Yohe, 2003; Portner et al., 2022).
Here, we aim to gather evidence of species range shifts due to ongoing
climate change. In general, we expect that species are shifting their
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distribution to the poles and to higher altitudes, to compensate for
increasing temperatures (Fig. 1).

The impact of climate change is likely to vary among species.
Whereas some species can physiologically alter their metabolic rates and
body temperature to endure wider temperature fluctuations (i.e. endo-
therms, e.g. mammals; Boyles et al., 2011), others are exclusively
limited to behavioral strategies to try to escape increasing temperatures
(i.e. ectotherms, e.g. amphibians and reptiles; Walther et al., 2002).
Thus, the need to change behavior or environments to reduce their body
temperature renders ectotherms potentially more vulnerable to climate
change (Dillon et al., 2010). Such differences in the ability to cope with
climate change can influence their range shift responses (Deutsch et al.,
2008; Khaliq et al., 2017). Therefore, it is reasonable to expect that
ectotherms would have to track climate for farther distances than en-
dotherms (Fig. 1). Only one study to date has assessed differences be-
tween endotherms and ectotherms in observed range shift response to
climate change, not finding differences in response between the two
(Lenoir et al., 2020). The study, however, was not focused on the dif-
ference in response between ectotherms and endotherms, but on marine
and terrestrial species. The study grouped species from both environ-
ments in the ectotherms versus endotherms comparison, including both
vertebrates and invertebrates. Here, we focused specifically on the dif-
ferences between endotherms and ectotherms’ response to climate
change, narrowing our comparison to terrestrial vertebrates (amphib-
ians, reptiles, and mammals).

Besides thermoregulation, ectotherms and endotherms in different
latitudes may also display different responses because temperate and
polar regions are experiencing higher warming than tropical ones (Allan
et al., 2021). Thus, a stronger response to climate change can be ex-
pected for high-latitude species. However, the literature does not show a
clear trend in that regard. Although there are a lot of studies on climate-
induced phenological responses (MacLean and Beissinger, 2017 e.g.
Parmesan, 2007; Root et al., 2003), the influence of latitude remains
unambiguous. For example, whereas the global review of Root et al.
(2003) found a stronger phenological response in high-latitude species,
Parmesan (2007) did not find any latitudinal trend in species’
phenology. However, few studies evaluated the influence of latitude on
range shifts, although range shift responses are particularly well-studied
(Urban, 2018), with species moving towards higher elevations and
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latitudes in search of cooler climates conditions (Urban, 2018). Most
studies, however, focus on specific taxa (e.g. Chen et al., 2011 for in-
sects; Kirchman and Van Keuren, 2017 for birds; Uher-Koch et al., 2021
for marine species). We know of only one global review addressing the
influence of latitude on range shifts, focused on altitudinal shifts only,
which showed a stronger response in tropical species (see Freeman et al.,
2021). Surprisingly, there are no review studies to date addressing the
influence of latitude on latitudinal range shifts themselves. Thus,
although range shifts in response to climate change are well studied and
documented, a major gap remains in the understanding of the latitudinal
component of these responses.

The accumulation of evidence of observed range shift responses to
ongoing climate change over the years provides an opportunity to close
these knowledge gaps. Here, we present the result of a comprehensive
effort to detect altitudinal and latitudinal range shifts in responses to
climate change, splitting the analysis between endotherm and ectotherm
terrestrial vertebrates, and testing, for the first time, the influence of
latitude in both responses. This study has important implications for
understanding how species distribution has already been impacted by
ongoing climate changes, and what conservation strategies can be used
to increase their resilience.

2. Material and methods
2.1. Data compilation, extraction, and standardization

We did an extensive literature search through the ISI Web of Science
— Core Collection (Clarivate Analytics) database. We used terms such as
“climate change”, “range”, and “distribution” to find studies that
focused exclusively on the observed impacts of climate change on spe-
cies distribution. However, due to their methodological and temporal
limitations, such empirical studies are scarcer in the literature compared
to studies that assess projected impacts for the future. Therefore, we
excluded in our search terms referring to climate modeling studies, such
as “species distribution modeling” or “ecological niche modeling” and
“glacial periods” since these are also the result of modeling efforts. The
search was performed on May 11th 2021, considering the “title, ab-
stract, and keywords” search sections of published studies regardless of
the year. Then, we refined the search considering only Article and Early

Fig. 1. Conceptual figure showing the expected di-
rection of species climate-induced range shifts. The
yellow arrows represent ectothermic species, and the
brown arrows represent endothermic species. The
thickness and size of the arrows illustrate the intensity
of the expected changes. Thus, the greater the thick-
ness and size, the greater the intensity of the shifts. A)
Latitudinal range shifts. B) Altitudinal range shifts.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

©Macrovector, Canva Original Graphics, Color Vec-
tors, and Vintage Illustrations via Canva.com

Towards higher
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Access in the document type.

We included in our literature review studies that meet the following
criteria: (1) explicitly assessed observed climatic changes; (2) assessed
the impacts of climate change on the distribution of non-volant terres-
trial vertebrates; (3) assessed species range shifts through the quantifi-
cation of the displacement (in units of distance) for a given period; and
(4) provided continuous or categorical data reporting range shifts, e.g.
the species has moved 50 m/decade (continuous) or the species has
expanded its occurrence, occupying higher altitudes (categorical).
Additionally, we also included data about terrestrial non-volant verte-
brates from the bibliographic review by Parmesan and Yohe (2003) and
the articles used in the bibliographic review by Taheri et al. (2021). Of
these, only the articles used in Taheri et al. (2021) provided data on
species range shifts in response to climate change.

We defined two major categories to exclude articles during our
search: (1) studies that did not have information about non-volant
terrestrial vertebrates, and (2) studies that did not assess species range
shifts in response to observed climate change. Therefore, we excluded:
all Species Distribution Modeling (SDM) studies for the past and future;
studies that only assessed changes in abundance and/or phenological
characteristics but did not assess range shifts; studies that did not assess
climate changes; studies that assessed range shifts but did not attribute it
to climate change; and studies that did not present measurable results.
We focused on non-volant terrestrial vertebrates because there are many
more studies evaluating birds’ distribution shifts than other terrestrial
vertebrates, which could bias the analysis, and also because birds have
large dispersal and migration ability, transiting among greater distances
than non-volant terrestrial vertebrates. Indeed, the majority of studies
evaluate migratory species, with large annual variation between their
reproduction and winter sites (e.g. Curley et al., 2020; Easterling et al.,
2000; Walther et al., 2002), which hampers differentiate them from
changes in the long-term distribution.

To evaluate how species changed their distribution in response to
climate change, we extracted observations from the articles considering
the smallest possible taxonomic unit. The majority of studies provided
data separately for each species (e.g. Botts et al., 2015; Enriquez-Urzelai

Asia
Africa
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Oceania
America

Antarctica
Latidudinal studies

Altitudinal and latidudinal studies
Altidudinal studies
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et al., 2019), but some only provided data for groups of species, such as
the taxonomic group (e.g. “Mammalia” or “Amphibia and Squamata” in
Hickling et al., 2006) or family (e.g. Moreno-Rueda et al., 2012).
Hereafter, we refer to the data obtained for the lowest taxonomic units
available as “observations”. We extracted the following information
from the articles: a) Temperature regulation (ectothermic or endo-
thermic species); b) Duration of the study (in years; when the study had
two or more sampling periods, we considered the last year of the last
period minus the last year of the first period); c) Direction of change
(upward or downward for altitudinal studies and towards the poles or
the equator for latitudinal studies); d) Variation in range extent
(expansion, contraction or no change); and e) Magnitude of changes in
distribution limits (in m/decade or km/decade).

We standardized the magnitude of changes in the distribution limits
for all species to km/decade for latitudinal or m/decade for altitudinal
studies, following Parmesan and Yohe (2003). We also considered
changes polewards or upwards to be positive values and changes to-
wards the equator or downwards to be negative values. In addition, to
assess the distribution of studies across the globe, we extracted the
approximate average geographic coordinates considering the location
provided by the study, using Google Earth. We plotted a map with the
distributions of the altitudinal studies and the latitudinal studies in QGIS
(Fig. 2).

2.2. Data analysis

For all analyses, we transformed the latitude of each study into ab-
solute latitude since the focus was to analyze the distance from the
Equator regardless of the Hemisphere (North or South). For the analysis
of categorical range shifts, we generated two binomial dependent vari-
ables, one representing the occurrence of a change in distribution
(changed = 1, not changed = 0) and the other the type of change
(expanded = 1, contracted = 0). Thus, we created two binomial models,
one for each dependent variable:

Model 1. Occurrence of change (changed/not changed) ~ ab-
solute latitude + thermoregulation (ectothermic/endothermic).
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Fig. 2. Global distribution of altitudinal (n = 13) and latitudinal studies (n = 9).
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Model 2. Type of change (expanded/contracted) ~ absolute
latitude 4 thermoregulation (ectothermic/endothermic).

Both models included study identity (ID) as a random factor. This
inclusion allowed controlling for the non-independence of multiple data
from the same study and for the methodological variability among
studies, which is known to affect range shift responses (Lenoir et al.,
2020). Therefore, we fitted the two models to the data in the form of
generalized linear mixed-effects models, with a binomial error distri-
bution, using the ‘nlme’ package in the R 4.0.4 environment (Pinheiro
et al., 2021; R. Core Team, 2021). We used these two models for both
altitudinal and latitudinal analyses.

For the analysis of continuous range shifts, we used only the obser-
vations that presented numerical estimates (quantitative values) repre-
senting the magnitude of the range shift (403 altitudinal and 213
latitudinal observations). First, considering all values from all studies,
we calculated the mean (+standard deviation; SD) range shift in km/
decade (latitudinal studies) or m/decade (altitudinal studies). Then, we
built a generalized linear mixed-effect model, assuming a normal error
distribution (Gaussian), with the value of the change in the species’
range (in m/decade for altitudinal data and km/decade for latitudinal
data) as a function of absolute latitude and temperature regulation
(ectothermic/endothermic) as fixed factors:

Model 3. Magnitude of change (numerical value) ~ absolute
latitude + thermoregulation (ectothermic/endothermic).

Here, we also included ID as a random factor to control the non-
independence of multiple data from the same study. Moreover, to test
whether the patterns observed for ectothermic species were consistent
for both amphibians and reptiles, we built an alternative version of
Model 3, replacing thermoregulation (ectothermic/endothermic) by
taxonomic group (amphibians, reptiles, or mammals). This alternative
model showed that the two ectothermic groups do indeed respond
similarly (compare Figs. 3 and 5 with Figs. A1, A2, and A3, respectively).

A B

100%
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Finally, for all models, we also tested for a potential interaction be-
tween latitude and thermoregulation. The interaction terms, however,
were always non-significant for all models. Therefore, we only kept the
additive models. We performed all analyses in R 4.0.4 (R. Core Team,
2021).

3. Results
3.1. Literature search results

After our extensive literature review, we found 1916 articles (1888
from Web of Science, 4 from Parmesan and Yohe, 2003; and 24 from
Taheri et al., 2021). Of these, 1279 were excluded for not assessing
species range shifts, 130 for not addressing non-volant terrestrial ver-
tebrates, and 209 were excluded for both reasons. At the end, only 20
studies were retained for the analysis, which is not surprising, given the
difficulty in recording and attributing impacts of climate change on
biodiversity (Pacifici et al., 2017). The studies, however, generated 669
range shift observations for almost 400 species (some species had more
than one observation and some observations included more than one
species; see Table Al). There was a clear geographic bias in the studies
towards the Northern Hemisphere (Fig. 2). Eleven studies evaluated
altitudinal range shifts in non-volant terrestrial vertebrates, seven
evaluated latitudinal shifts, and two evaluated both altitudinal and
latitudinal shifts (Table A1; Fig. 2). Eight assessed ectothermic species
(amphibians and reptiles), 11 assessed endothermic species (non-volant
terrestrial mammals), and one assessed both ectothermic and endo-
thermic species. From these studies, we obtained a comparable number
of observations between endotherms and ectotherms, but with a pre-
dominance of altitudinal range shift observations (Table A1, see Fig. Al
and Research Data). For endotherms, we found an expressive predomi-
nance of altitudinal shifts, whereas for ectotherms the amount of
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Fig. 3. Impact of climate change on the altitudinal range of species. A) Proportion of endothermic and ectothermic species that have undergone altitudinal range
shifts. The number in parentheses indicates the total number of evaluated species. B) Number of endothermic and ectothermic species that have undergone altitudinal
range shifts, indicating how many suffered expansions and how many suffered contractions in altitudinal range, as well as whose range displaced towards the top or

base of the mountain.
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altitudinal and latitudinal shifts was similar (Table Al; see Fig. Al and
Research Data).

3.2. Altitudinal studies

For the categorical data, the direction of altitudinal range shifts was
predominantly upward, as expected (n = 189; Fig. 3B), although that
movement did not produce a trend in terms of range extent, with 151
species expanding their range, 140 not showing any change and 118
contracting their range (Fig. 3B). Most ectotherms (65.6 %, n = 105)
moved upwards, while most endotherms (45.4 %, n = 132) did not show
range shifts (Fig. 3A). Altitudinal range shifts were influenced by ther-
moregulation (endotherms/ectotherms) but not by latitude (Table A2).
The probability of altitudinal shifting was higher for ectotherms than for
endotherms (Fig. 4A), and ectotherms were more likely to expand their
altitudinal range (Fig. 4B).

The continuous data showed similar trends. The mean altitudinal
range shift was 23.7 m/decade (+97.9 SD), with a large variability of
responses among species. The magnitude of altitudinal change was
significantly affected by thermoregulation (endotherms/ectotherms; p
= 0.02; Table A3; Fig. 4C) but, again, not latitude (p = 0.29; Table A3).
The mean altitudinal shift of ectotherms was 46.0 (£145.0) m/decade,
but only 9.96 (+45.8) m/decade for endotherms.

3.3. Latitudinal studies

For the categorical data, the direction of latitudinal range shifts
varied widely among species, but most moved poleward, as expected
(Fig. 5B). Although the direction of the shift was similar between ecto-
therms and endotherms (Fig. 5B), latitudinal range shifts were more
common in ectotherms (n = 168, 93.3 % of the species) than in endo-
therms (n = 24, 63.2 % of the species; Fig. 5A). Not surprisingly,
therefore, latitudinal range shift probability was higher for ectothermic
than endothermic species (Table A4; Fig. 6A). Considering range extent,
however, the probability of species contracting or expanding their lat-
itudinal ranges was similar for both groups (Table A4).

The continuous data showed a mean latitudinal shift of 4.0 km/
decade (+46.1 SD), with a high variability of responses among species.
The mean latitudinal changes were similar for ectothermic (3.9 + 46.2
km/decade) and endothermic species (4.64 + 45.9 km/decade). The
magnitude of latitudinal shift increased significantly with latitude
(Fig. 5B) but did not differ significantly between ectothermic and
endothermic species (p = 0.83; Table A5). As there were few observa-
tions at latitudes >60°, we performed a bootstrap analysis to test the
significance of the latitudinal effect further. This complementary anal-
ysis confirmed that the effect of latitude was statistically significant
(mean slope for latitude = 3.13, 95 % CI = 0.51-4.94).

4. Discussion

After an extensive literature review, we compiled >600 observations
for hundreds of species, with solid evidence that many are moving uphill
and towards the poles in response to climate change. Although this is a
well-known pattern, here, we provide, for the first time, a systematic
review that supplies evidence of the difference in response between
endotherms and ectotherms, showing that ectothermic species are more
prone to shift their ranges than endotherms. Moreover, we tested, for the
first time, latitude as an explanatory variable for species’ latitudinal
distribution shifts, and showed that high-latitude species are shifting
their distribution faster. Despite the possible methodological differences
among individual studies, we found clear trends in altitudinal and lat-
itudinal range shifts of ectothermic and endothermic species in response
to ongoing climate change. Our study reinforces the need for conser-
vation strategies to safeguard species from the impacts of climate
change, especially ectothermic and high-latitude species.

Through this review, we identified some geographic and taxonomic
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Fig. 4. Altitudinal range shifts. (A) Probability of endotherms and ectotherms
shifting their altitudinal range. Positive values on the y-axis indicate the
probability of the species’ altitudinal range shift; the horizontal line shows the
absence of probability of range shift (y = 0). (B) Probability of endotherms and
ectotherms contracting or expanding their altitudinal range. Values on the y-
axis indicate the probability that species will contract or expand their altitu-
dinal range; the horizontal line shows the absence of probability range shift (y
= 0). Both ectothermic and endothermic species showed significant results.
There was a difference between the two groups, with a higher probability of
expansion for the ectothermic species. (C) Response of endothermic and ecto-
thermic species in altitudinal studies. Positive values on the y-axis indicate
upward species displacements (in meters) and negative values indicate down-
ward species displacements; the horizontal line shows no range shift (y = 0).
The points represent mean changes between ectothermic and endothermic
species and bars represent the 95 % confidence intervals. There was a signifi-
cant response when comparing ectothermic and endothermic species.
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biases and gaps. First, there is a strong geographical bias in studies to-
wards the Northern Hemisphere, a pattern already identified in other
studies (Feeley et al., 2017; Lenoir and Svenning, 2015). The
geographical bias can be masking trends in tropical regions and inter-
fering in the evaluation of the latitudinal component of range shift re-
sponses. This bias is worrisome given that most biodiversity is
concentrated in the Tropics (Manes and Vale, 2022; Pacifici et al., 2017).
We also found a taxonomic bias as most studies evaluating range shifts
as a consequence of climate change focus on birds, leaving trends in non-
volant terrestrial vertebrates poorly understood (e.g. Chen et al., 2011;

Uher-Koch et al., 2021). In general, ectothermic terrestrial vertebrates
are rarely present in literature reviews on climate-induced range shifts
(e.g. Chen et al., 2011; Feeley et al., 2017; Freeman et al., 2021), and
when present, they are underrepresented. Lenoir et al. (2020), the most
comprehensive effort to summarize data on species’ range shifts to date,
shows taxonomic bias. Of the >15,000 observations of animals’ range
shifts in the study, only about 5 % of endotherms were mammals (369
mammals out of 7494 endotherms), and only about 6.5 % were herptiles
(531 herptiles out of 8246 ectotherms). Thus, the specific responses of
mammals and herptiles could be masked by the overrepresentation of
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other taxa in Lenoir et al. (2020). That might explain why we found a
difference in the response of ectotherms and endotherms to climate
change, while Lenoir et al. (2020) did not.

We found that the magnitude of altitudinal range shifts was greater
for ectotherms, showing that the same amount of warming triggers a
stronger response in ectotherms, which is in tune with claims that
ectothermic species are more susceptible to climate changes than en-
dotherms (e.g. Deutsch et al., 2008; Nemeshazi et al., 2022) because of
their limited thermoregulation (Burraco et al., 2020). Tropical species
are expected to show a stronger response to climate change than
temperate ones because they are already closer to their maximum
thermal limits and can endure fewer temperature fluctuations compared
to temperate species (e.g. Deutsch et al., 2008; Dillon et al., 2010 but see
Diele-Viegas and Rocha, 2018), a pattern that was not found in our
study. This suggests that although mountains might be ‘escalators to
extinction’ where species lose area by shifting ranges uphill (Urban,
2018), they might act as climate refugees compared to lowland areas in
both low and high latitudes. The refuge provided by the mountains
makes them essential environments for the conservation of tropical and
temperate species alike.

We also found a trend in latitudinal range shifts, as the closer a
species is to the poles, the greater its latitudinal range shift, for both
endothermic and ectothermic species. This pattern may be explained by
the fact that temperatures in temperate and polar regions are the ones
enduring the greatest warming (Parmesan, 2007; Portner et al., 2022).
Additionally, temperate regions experienced past glacial retreats (Willig
et al., 2003), and temperate species could have behavioral or physio-
logical adaptations that can be allowing or, at least, facilitating their
dispersal in response to climate change (Feeley et al., 2017). Despite the
fact that our result is sensitive to four outliers (observations at latitudes
>60°), these outliers contain valuable information for different species
and groups because they are real and valid data from two separate
studies. Additionally, we made a complementary analysis that
confirmed the significance of the latitude effect. So, our result shows an
interesting ecological trend that deserves attention. This is the first re-
view study to address the influence of latitude on latitudinal range shifts
themselves and, therefore, more studies are needed to confirm the
generality of our findings.

Here, we confirmed that climate change is already affecting the
range of many species around the world. Although shifting ranges are
often understood as a sign that the species is being harmed by climate
change, they can also be understood as a sign that the species is able to
cope with it. After all, shifting ranges can be considered climate change
adaptations (sensu IPCC, 2018), i.e. the process of adjustment to reduce
or avoid potential risks of climate change. It is important to note,
however, that the range shifts compiled in our study are a result of mild
global warming, as currently, the global temperature is ~1.1 °C above
pre-industrial levels (Allan et al., 2021). Global warming, however, is
likely to intensify in the coming years, reaching >4 °C by 2100 under the
most drastic scenarios (Allan et al., 2021). Thus, species might soon
reach hard adaptation limits (i.e. the change in climate where no addi-
tional adaptation is possible to prevent damaging impacts Allen et al.,
2018; Portner et al., 2022). Thus, first and foremost, we recommend
climate mitigation strategies to slow down climate change, keeping
global warming within the Paris Agreement goals, greatly reducing
species’ vulnerability (Costello et al., 2022; Manes and Vale, 2022;
Portner et al., 2022). We also recommend implementing adaptation
strategies that can help species cope with ongoing climate change. We
know that climate change operates together, and often in synergy, with
other anthropogenic stressors such as habitat loss, invasive species, and
overexploitation (e.g. Bellard et al., 2014; Mantyka-Pringle et al., 2015).
Thus, we recommend actions focused on the conservation and restora-
tion of natural habitats, especially within the range of high-latitude
species and already threatened ectothermic, to increase species’ resil-
ience to climate change.
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5. Conclusions and recommendations

We provide important new information for understanding how
climate change impacts species ranges worldwide. On top of providing
additional evidence that species are already shifting their ranges in
response to climate change, we demonstrated for the first time that ec-
totherms and high-latitude species show a stronger response, suggesting
greater susceptibility of these species to ongoing climate change. Thus,
we recommend focusing on conservation efforts to increase the resil-
ience of ectotherms to ongoing climate change, essentially by reducing
other human-induced non-climatic stressors (Portner et al., 2022). We
also reinforce that high-latitude species will be likely more impacted by
global warming, as previously suggested (e.g. Cordier et al., 2020;
Raxworthy et al., 2008; Rowe et al., 2015). Furthermore, as ectotherms
and tropical species are underrepresented in global studies (Feeley et al.,
2017), we also recommend more field research targeting those species to
better understand how ongoing climate changes may already be
impacting them.
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Temperature affects the rate of all biochemical processes in ectotherms'? and is
therefore critical for determining their current and future distribution under global
climate change® . Here we show that the rate of biological processes maintaining

growth, homeostasis and ageing in the permissive temperature range increases by 7%
per degree Celsius (median activation energy E, = 0.48 eV from 1,351 rates across 314
species). By contrast, the processes underlying heat failure rate within the stressful
temperature range are extremely temperature sensitive, such that heat failure
increases by more than100% per degree Celsius across a broad range of taxa (median
E,=6.13 eV from123rates across 112 species). The extreme thermal sensitivity of heat
failure rates implies that the projected increase in the frequency and intensity of
heatwaves can exacerbate heat mortality for many ectothermic species with severe
and disproportionate consequences. Combining the extreme thermal sensitivities
with projected increases in maximum temperatures globally®, we predict that
moderate warming scenarios canincrease heat failure rates by 774% (terrestrial) and
180% (aquatic) by 2100. This finding suggests that we are likely to underestimate the
potential impact of even a modest global warming scenario.

Temperature has aprofoundinfluence on processes atalllevels of biologi-
cal organization, ranging from the simple catalytic rates of enzymes to
the complex biological interactions that underlie metabolism, growth
and reproduction of ectothermic animals'2. The interactions between
multiple temperature-sensitive biological rates ultimately shape thermal
performance and determine the thermal limits for life and death in ecto-
therms"”8, Accordingly, thermal tolerance limits are robust predictors
of the geographical distribution of ectothermic animals®>**°, and climate

changebeyond tolerance limits can explaintheir current redistributions*".

Thermal sensitivity of life and death

Temperature effects on biological rates are often described using Q,,
(thefactorial change in biological rate resulting froma10 °Cincrease)
but are more appropriately expressed by the Arrhenius activation
energy E, (ref.?). When rates are measured within permissive tempera-
tures, defined as temperatures that allow for long-term survival, E, typi-
callyranges from 0.5to0 0.8 eV (equivalent to Q,, = 2-3) corresponding
to a 7-12% rate increase per degree Celcius™. The consequences of
global warming on the rate of energy metabolism in ectotherms are
already implemented in contemporary analyses of ecosystems and
agriculture™ ¢, However, temperature also affects biological rate func-
tions at stressful temperatures, defined here as the temperature range
causing acute heat injury and mortality. The temperature sensitivity
of these processes ismuch more potent in ectothermic animals”  but
has received little attention in the context of global warming.
Thedisparate temperature sensitivities in the permissive and stress-
fultemperature range can be exemplified through a combined analysis

of temperature effects on the population growth capacity® and lifes-
pan®®ofadult fruit flies (Drosophila subobscura; Fig. 1a). Within the per-
missive temperature range for this species (3-28 °C), warming increases
the rates of biological processes in a manner that initially enhances
fitness, that is, the product of egg laying rate, developmental viabil-
ity and developmental speed?. However, as temperature increases
further, the balance between catabolic and anabolic rates shifts and
net fitness decreases™”®* even if it remains positive. This declining
fitness occurs even though many biological rates—such as feeding
rate, heartrate, metabolic rate and ageing/mortality rate—continue to
increase with the same thermal sensitivity throughout the permissive
range®. Accordingly, when lifespan is analysed across the permissive
temperature range, the increased rates of biological activities coincide
with an acceleration of senescence and ageing®?**. In this example,
the thermal sensitivity, Q,, = 2.5 for ageing/mortality rate (1/lifespan)
(Fig.1a), corresponds to an Arrhenius activation energy E, of 0.66 eV
(Fig. 1b). Similar moderate thermal sensitivities of ageing/mortality
rate (1/lifespan) at permissive temperatures have been documented
inavariety of ectothermicspecies (£,= 0.56 + 1 eV (mean +s.d.) across
97 field and laboratory populations?).

Thereisasubstantial shiftin the influence of temperature onlifespan
above acritical temperature T, defined as the temperature or narrow
temperature zone that separates the permissive and stressful tempera-
ture range (Fig. 1). Although T is rarely parametrized experimentally
(seethediscussioninref.?), it represents a temperature at which bio-
logical processes dictating the ‘rate of death’ become dominant over
those determining the ‘rate of life’. Heat failure rate above T_is also
calculated as1/lifespan, and the Arrhenius breakpoint’*at T.indicates
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Fig.1|Disparate temperaturesensitivities for thelifespan ofan ectotherm
reveal permissive and stressful temperature domains. a, Lifespan of adult
fruit flies (D.subobscura) depicted onalog,,scaletoindicate the exponential
relationship between temperature and lifespan (right y axis; data are fromref.'%).
Thecriticaltemperature (T,) indicates the transition at which the temperature
effectonlifespan (slope) diverts from that of biological processesin the
permissive temperature range tobecome extremely highin the stressful
temperaturerange. A thermal performance curve for reproductive fitnessin

that the heat failure rate is dictated by different biological processes
that are extremely sensitive to temperature (Q,, = 8,726 (Fig. 1a) and
E,=7.49 eV (Fig.1b)). For D. subobscura, heat death occurs after 6 h at
33 °C, while 4 °C further warming reducesits lifespanto less than10 min
(Fig.1a). Similar extreme thermal sensitivities of heat failure have been
describedinthermal death time curves for many other ectotherms®>?%,

Analysis of activation energies

The fundamentally different thermal sensitivities for processes asso-
ciated with life (permissive range) and death (stressful range) are not
unique for D.subobscura (Fig.1). Datacompiled on 1,351 rates across dif-
ferenttemperatures from 314 species show that the £, of biological pro-
cesses within the permissive temperature range (median £, = 0.48 eV;
interquartilerange (IQR) = 0.28-0.71 eV; Fig.2a,b) areindeed consistent
with textbook values of E, = 0.5-0.8 eV (Q,, = 2-3) for most ectothermic
animals ™, As previously discussed™", these thermal sensitivities
mirror most biological processes, including enzyme catalytic rates
and integrated biological functions, such as feeding rate and meta-
bolicrate (Fig.2a,b and Extended Data Table 1). However, note that the
integrated effect of many underlying biological rates causes adecline
in‘fitness’inthe warmer part of the permissive temperature range. As
aconsequence, the population growth rate (fitness) is associated with
E, <0 or Q,y<1atthe warmest permissive temperatures (Box 1) even
though many underlying biological rates continue to increase after
fitness has peaked at the optimal temperature (T,,,.)*.

Incontrast to the modest temperature sensitivity of biological ratesin
the permissive temperature range, therate of heat failureis extraordinar-
ily temperature sensitive in the stressful temperature range (Fig. 2c,d).
We compiled data on the thermal sensitivity of heat failure for 112 spe-
cies (123 datasetsin total) with the criteria that time to heat failure was
measured at three or more constant test temperatures. Heat failure rates
(min™) were calculated as 1/time to heat failure (min) and the activation
energy was subsequently calculated using an Arrhenius analysis (Fig. 2c).
Heat failure rate has extreme thermal sensitivity across all of the ecto-
therms examined (Fig. 2d) withamedian £, = 6.13 eV (IQR = 4.42-8.82 eV)
corresponding toamedian Q,, > 1,500 and more than a doubling of heat
failure rate per1°C of warming (median increase = 110%, IQR = 71-190%).
The median duration of the heat failure experiments was 125 min
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1,000/temperature (K~7)

D.subobscurainthe permissive temperature rangeillustrates that thisis the
range of temperatures that permits completion of the life cycle (dashed green
curve onthe left y axis; dataare fromref. ?°). b, Temperature-specific death
rates calculated as 1/lifespan from awere analysed in an Arrhenius plot.
Activation energies £, are indicated for the permissive (E,=0.66 eV) and
stressful (E,=7.49 eV) temperature ranges separated at abreakpoint
temperature 7, (28.2 °C) found using Davies’ test for achangein slope
(P<0.001).

(IQR =31.5-422 min), with 122 out 0f 123 median durations less than
2.5 days, emphasizing that our estimates of heat failure rate are relevant
for theacute heatexposures experienced during daily fluctuations and
heatwaves?. All five ectothermic groups (fishes, crustaceans, molluscs,
amphibians andinsects) haveamedian £, > 4.63 eV, but vertebrates are
particularly sensitive to warming (median £,=10.06 eVand10.30 eV for
fishes and amphibians, respectively). This analysis also shows that £, is
high for both terrestrial (E,=5.53 eV; IQR = 4.13-6.42 eV) and aquatic
species (E, = 6.69 eV; IQR = 4.61-10.38 eV). Given the extraordinarily
high thermal sensitivities in all taxonomic groups, we suggest that the
extreme thermal sensitivity of heat failure rateis ageneral characteristic
of all ectothermic animals.

The physiological causes of heat deathin ectothermsare still poorly
understood, but have been associated with protein denaturation, oxy-
gen limitation, loss of cellular excitability and membrane dysfunc-
tion?”3122177 It is also unclear why the rates of these processes accelerate
so substantially at extreme temperatures above T.. Nevertheless, it is
likely the same physiological dysfunctions that underlie chronic (hours)
and acute (minutes) heat stress as exposure to different temperatures
above T isadditive inboth fish” and insects®. Furthermore, the absence
of Arrhenius breakpoints*above T,suggests that heat failure is caused
by acommon heat stress syndrome that accelerates inintensity with an
extreme thermal sensitivity. Importantly, many underlying biological
rates typically begin to decrease within the stressful temperature range.
Thus, metabolic rate, movement rate and heart rate, which typically
increase throughout the permissive range?, will eventually decline as
temperatures become acutely stressful. The thermal sensitivity of this
rate declinein the stressful temperature range is typically higher than
the thermal sensitivity of the rateincrease occurringin the permissive
temperature range>?>%?° However, it remains difficult to pinpoint
whether the extreme increase in death rate at stressful temperatures
substantially limits heart rate, metabolic rate and movement rate or
vice versa, as the causalities of the physiological heat stress syndrome
are currently poorly understood*%*?,

Implications of global warming

In their active season, ectothermic animals are mostly confined to
habitats with permissive temperatures that enable reproduction and
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Fig.2| Thermal sensitivity of biological processes sustaining lifeinthe
permissive temperaturerange or causing heat deathin the stressful
temperature range. Dataare organized in five ectotherm groups (fishes,
crustaceans, molluscs, amphibians and insects) for which the most published
dataexist.a, Sixrepresentative examples of temperature sensitivity of
biological processes measured within the permissive (non-stressful)
temperature range (colour refers to the animal group and symbols to the trait;
detailsare providedin Extended Data Table1). b, Datafrom 1,351 literature
estimates of E, measured in the permissive temperature range from 314 species
grouped by biological process. Coloured points represent averages in casesin
which n>8forthatanimal group. Datafromectotherms notbelongingto the
five groupsarealsoincludedinthebox plots. The dashed lineindicates the

population growth'*”. Even so, ectotherms may experience stressful
temperatures (exceeding T.) during heatwaves or diurnal/seasonal
temperature extremes. Tolerance to extremes is therefore animportant
determinant of species distributions®®, and thermal tolerance limits
(CT» and CT,,,,) often correlate stronger with distribution than the
thermal optimum for populationgrowth (7,,,.), aperformance measure
within the permissive temperature range**,

The severity of stressful temperatures depends onboth the inten-
sity (that is, the actual temperature) and the duration of the expo-
sure'”9222526 The considerable thermal sensitivity of ectothermic
heat failure rates more than doubles heat stress with every degree
Celsius of warming. Accordingly, even modest increases in maximal
exposure temperature—for example, as a result of moderate global
warming—can substantially exacerbate the severity of heat injury.
The potential magnitude of this problem was assessed by associat-
ing the median £, for terrestrial and aquatic ectotherms with pro-
jected increases in maximum temperature for three IPCC warming

global median (£,=0.48 eV, corresponding to Q,, =1.9). The box plots summarize
each categorized biological process; the centre line shows the median, the box
limits represent the firstand third quartiles, the whiskers extend to 1.5 x IQR
andthegrey points show outliers. ¢, Representative examples of heat failure
rates and their activation energy (E,) measured in the stressful temperature
range (the same or closely related species asina).d, Activation energies of
heat failurerate organized by ectothermic group with all 123 £, values shown
(squares, from 112 unique species). The full lineindicates the global median
(E,=6.13 eV, correspondingto Q,, >1,500).Forreferencetob, thegrey area
denotesthe E,range -1.3-4 eV, and the dashed lineindicates the median £, for
processesinthe permissive range.

scenarios (Fig. 3a and Extended Data Table 2). This analysis repre-
sents a worst-case scenario based on the assumption that species
under current climate conditions experience temperatures equal to
orabove T.onthe warmest days within their distribution range. Ter-
restrial environments are projected to warm considerably more than
aquatic environments® (Fig. 3 and Extended Data Fig. 1), but median
thermal sensitivity is higher for aquatic ectotherms implying that
both aquatic and terrestrial ecosystems will experience substantial
increasesin heat failure rate (median percentage increase, 180% and
774%, respectively, under the SSP2-4.5 scenario®; Fig. 3a). Further-
more, the more homogenous thermal conditions in aquatic habitats
leave considerably fewer options for behavioural mitigation to avoid
stressful temperature exposure®. These increases in heat failure rate
are much more substantial than the projected 6% and 32% increases
in permissive biological rates estimated for aquatic and terrestrial
ectotherms, respectively, in association with increases in mean tem-
perature (Fig. 3a and Extended Data Fig. 2).
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Box 1

The impact of global warming on
biological rates of life and death

Increases in environmental temperature represent a substantial
challenge for ectothermic animals in the Anthropocene®?® and
there is an urgent need to understand how elevated temperature
affects their fitness and survival®"?%3-%0_ A stylistic road map to
assess this problem is shown in the figure with an idealized thermal
performance curve for population growth in the permissive
temperature range (green curve in a) and a thermal death time curve
in the stressful temperature range (blue curve in a). When global
warming increases temperature in the lower permissive range,
below the optimal temperature (), it increases performance and
population growth as discussed for both agricultural and natural
ecosystems™®4° (ascending phase in the figure; Q,, for positive
fitness, ~2-4). However, population growth rate is progressively
reduced when temperature exceeds T, along the descending part
of the thermal performance curve (descending phase in the figure;
Qo for positive fitness <1). Although population growth persists

in this part of the permissive temperature range, the decline in
performance is typically more sensitive to temperature change than
on the ascending part of the thermal performance curve®?442 The
negative effects of increased exposure to permissive temperatures
beyond T, for population growth have been suggested to challenge
particularly tropical species***.
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Exposure to stressful temperatures beyond T, is associated with negative fitness (mortality) and inclusion of such extreme temperature
exposures instead suggests that mid-latitude species are at risk>3%4*, As shown in this study, exposure to increased temperature in the
stressful range is associated with a substantial acceleration of heat mortality as temperature effects on survival are characterized by an
extreme thermal sensitivity in the stressful range (red curve in a, note the logarithmic axis for heat failure rate; Q,, for heat failure rate,
>1,000). Accordingly, small increases in maximal temperature exposure can have severe consequences. Together, this schematic illustrates
how different temperature ranges have positive or negative effects on performance or survival, but it also shows that these effects have very

different temperature sensitivities (summarized in b).

To integrate the positive and negative temperature effects of global warming, we argue that models should consider how global warming
alters the duration and intensity of exposures within both the permissive and stressful temperature ranges®**>*. Such an approach is shown
in ¢, where warming across daily and seasonal temperature variations changes the dynamics of positive and negative temperature effects.
The pursuit of these integrative models is complicated by many factors—including acclimatization, behaviour, local adaptation and life
stage—but, even so, it will be pivotal to consider the proportional exposure duration in these different temperature ranges. It is therefore
critical to establish general methods to determine the T,, which is central for risk assessment?, but also to understand how the availability
of suitable microhabitats and use of behavioural thermoregulation affects operative temperature, which ultimately determines the effect of

temperature and climate warming on ectotherms®*3%4,

To demonstrate that the risk of exposure to temperatures above
T.in current and future climate varies within the species distribu-
tion, Fig. 3b presents an analysis of two species (Girella nigricans and
Pheidole megacephala). These species-level examples were generated
by contrasting current and future (SSP2-4.5 scenario) estimates of
maximal environmental temperature against a conservative approxi-
mation of T, (here calculated as the temperature that causes heat failure
in24 h). Although some populations already experience temperatures
above T in their current distribution, climate warming will result in
more populations experiencing temperatures exceeding 7. (Fig. 3b
and Extended Data Fig. 3). As evident from Fig. 3c, the consequences
of future warming will depend on the current climate and the pro-
jected warming but, for some populations, projected warming will
exacerbate the heat failure rate relative to current conditions by up
t02,100% and 690% for G. nigricans and P. megacephala, respectively
(Fig. 3¢). To put this into context, a1,000% (tenfold) increase in heat
failure rate entails that an ectotherm accumulating 15% of its lethal
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thermal injury on a very hot day under current climate conditions,
willinstead experience 150% of its lethal dose over the same duration
under the future warming scenario. As a corollary,a1,000% increase
in failure rate implies that an ectotherm currently surviving for 5 h
during a hot day will instead succumb to heat death within 30 min
under the future warming scenario.

The generalrisk analysis for ectothermsin Fig. 3a suggests that both
terrestrial and aquatic species may experience substantial increasesin
theintensity of injurious heat stress. Although terrestrial ectotherms
can often escape short-term heat exposures by seeking permissive
microhabitats (<T,)**'35, warming may reduce the availability of such
microhabitats. In both terrestrial and aquatic environments, there is
considerable spatial variation in regional climate warming with pro-
jected increases in maximum temperature greater than 8 °Cin some
regions even in the SSP2-4.5 scenario® (Extended Data Fig.1). Asa con-
sequence, the potential increase in heat failure rate for species living
close to their T, can be even more extreme locally, particularly across
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Fig.3|Projectedincrease in heat failure rate with climate warming.

a, Percentageincreasesinbiological rates associated with future climate
changeinterrestrial and aquatic environments (in2081-2100 and 2090-2100,
respectively). The temperature change AT for three warming scenarios®
corresponds to changes in the mean and maximum temperature for the
permissive and stressful range, respectively. SSP1-2.6 is within the limits of the
Paris Agreement, whereas SSP2-4.5and SSP5-8.5representintermediate and
severe emission scenarios, respectively. Percentage increasesinrates (median
andIQR) are based onthe baseline temperature, AT and environment-specific
E,forthe permissive and stressful temperature range (Methods; see Extended
DataFigs.2and 4 for globalmaps). b, Analysis evaluating the risk of exposure to
temperatures above the critical temperature T, (estimated as the temperature
resulting in heat failure in 24 h) for two example species, G. nigricans and

temperate terrestrial environments in the Northern Hemisphere and in
aquatic environments across the Arctic (Extended Data Figs. 4 and 5).

Using air and sea surface maximum temperatures may further
underestimate the exposure to stressful temperature as it does not
account for temperatures experienced in particular warm microcli-
mates, nor does it consider that solar radiation and convective heat
transfer**"* canincrease the operative temperature considerably above
air temperature. By contrast, the risk estimate presented here does
not directly account for mitigation through behavioural selection of
permissive microhabitats® or for acclimation/adaptive responses
that could alter thermal tolerance?’. Species-specific implications of
future heatwaves should therefore consider the local risk of exposure

Increase in maximum temperature above T as a result of climate warming (°C)

P.megacephala,in current and future (SSP2-4.5) climates. Occurrence
locations are coloured according to the comparison between T,and maximal
environmental temperature (T, may)- Grey, T > T,y max in both current and
future climates; maroon, T, < T, maxin the current climate; red, T, < T,y max iN
future climates. The global distribution of P. megacephalais shownin Extended
DataFig.3. ¢, Increasesin heat failure rate resulting from SSP2-4.5-projected
increase in maximal temperature above T, using global occurrences and
thermal sensitivities for G. nigricans and P. megacephala (Methods). Colours
areasdescribedinb. For occurrencesinred, theincrease in maximal
temperatureis the difference between future maximum temperatureand T..
Foroccurrencesinmaroon (which already experiences temperatures of >T,),
the additionalincrease in temperature between current and future maximum
temperature was used.

to extreme events beyond T, (Fig. 3b). Nevertheless, most ecosystems
will probably include species that are at risk of exposure to tempera-
tures beyond T, (ref. ).

The risk analysis presented here is mainly relevant for species that
experience temperatures above T in their current or future environ-
ment (Fig. 3b), and the notable implications primarily pertain to the
periods during which environmental temperature is highest. The effect
of global warming on processes of life and death should therefore ide-
ally integrate positive and negative warming effects within both the
permissive and stressful temperatures (Box 1). Even so, our analysis
highlights that heat stress is likely to escalate substantially with even
amodest degree of global warming (Fig. 3). The effects of warming on
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heat failure rates are several magnitudes greater than the temperature
effects previously considered when analysing warming of permissive
biological processes. As a consequence, both aquatic and terrestrial
ectothermsrisk considerable increases in heat stress with global warm-
ingand thisincrease willbe accentuated markedly on the regional scale
and with each degree of further global warming.
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Methods

Data collection for the meta-analysis

To estimate the thermal sensitivity of permissive biological rates, we
collected datafor ameta-analysis of processes covering enzyme activ-
ity, heartrate,locomotion, feeding and metabolic rate for awide range
of ectothermic animal species. The dataset includes 1,351 entries of
biological rates measured at two temperatures and represents 314 spe-
ciesexaminedin 304 original publications. Data were mostly sourced
from two large collections of published data compiled by Dell et al. (see
Supporting Informationinref.”) (here we used only E, of the ascending
rates derived from trait performance curves) and by Seebacher et al.
(see Supplementary Information in ref. '), and overlapping entries
were removed. A few (n=4) additional entries were included as they
were used as examplesin Fig. 2a.

To estimate the thermal sensitivity of heat failure rates in the highly
stressful temperature range, we compiled data on time to heat failure
with associated test temperatures. This dataset includes 123 thermal
sensitivities for112 species. Datawere compiled from 69 individual stud-
ies and an additional 54 studies sourced from references reported by
Rezendeetal. (see Supporting Information in ref. %), and were included
onlyifheatfailuretimeswere available for at least three temperatures.

Calculation of E,

The Arrhenius activation energy E, was calculated to quantify the
thermal sensitivity of rates related to either permissive or stressful
biological processes. The E, values of ascending rates (in the permis-
sive temperature range) originating from Supporting Information
in ref. ® were available from the publication, whereas E, values for all
other rates were calculated using a linear regression in an Arrhenius
analysis. The Arrhenius analysis was performed by regressing the
natural logarithm to the rate against the reciprocal temperature
(1/temperature (K™)). The regression slope was then used to calculate
the activation energy E,

_ —Rxslope

ST ®

Where R is the gas constant (8.31) K mol™), N, is the Avogadro con-
stant (6.022 x 10 mol™), and Cis a conversion factor to report £, in
eV (1.602x10]eVv?).

Toestimate activationenergy E, for heat failure rates in the stressful
temperature range, we calculated heat failure rates (min™) by convert-
ing the collected heat failure times (min) as

Heat failure rate =1/heat failure time 2)

Accordingly, heat failure rate represents the incremental heat stress
that accumulates per minute at a specific constant temperature and,
oncetheincrementssumto 1, heat failure occurs (that is, the number of
increments (time) tosumto1equals the heat failure time). Forexample,
if heat failure time is 100 min at 38 °C, then the corresponding heat
failure rateat 38 °Cis1/100 min = 0.01 minand, therefore, accumulat-
ing these increments of heat stress over a100 min exposure to 38 °C
results in summation to 1= heat failure.

The median heat failure times used to calculate £, vary between stud-
ies (median =125 min, IQR = 31.5-422 min) but a linear regression of
log,,[median duration] against £, did not reveal any significant cor-
relation (Fy1, = 0.36, P=0.55, R*< 0.01), and we therefore conclude
that high E, is not an artefact of test duration.

Converting E, to estimates of Q,,

In mainstream literature, thermal sensitivities are often presented
using the thermal sensitivity quotient Q,, (that is, the factorial change
inrate associated with a10 °C temperature change). To discuss thermal

sensitivities using the more commonplace Q,,, we converted activation
energy £, using

10KxE,

Q10= ekpxT? ©)

Where E, is the activation energy (eV), kg is the Boltzmann constant
(8.617 x107° eV K™) and T is the temperature (K). This conversion is
sensitive to temperature and here we used the temperature 7=18.3 °C
(291.5K) for conversion to permissive Q,,and 7=36.3 °C (309.5 K) for
stressful Q,,. These temperatures were chosen as they represent the
mean temperature used to measure the rates in the permissive and
stressful temperature range, respectively.

Modelling projected temperature change

Tomodel theimpactofincreased intensity of heatwaves, we associated
the predictedrise in future temperature with the thermal sensitivity £,
interrestrial and aquatic environments. To make this change spatially
and temporally explicit, we used projected global changes in mean
and maximum temperature for three different emission scenarios
(seebelow) towards the end of the twenty-first century compared with
present-day conditions (Extended Data Fig. 1).

For terrestrial areas, we used the WorldClim v.2.1 climate database
(https://worldclim.org)*’, based on monthly averages, using the bio-
climatic variables ‘mean annual temperature’ (BIO1) and ‘maximum
temperature of the warmest month’ (BIOS5). In WorldClim, present
conditions are produced with monthly averages for the latest climate
period1970-2000. Future layers of mean and maximum temperature
(BIO1andBIOS, respectively) were produced by averaging data from
eight general circulation models (GCMs) (Extended Data Table 2) for
the period 2081-2100. We used projected changes for three future
Shared Socioeconomic Pathways (SSP) scenarios®: (1) the optimistic
SSP1-2.6, a peak-and-decline scenario ending with low greenhouse
gas concentration levels by the end of the twenty-first century;
(2) the SSP2-4.5‘middle of the road’ scenario where trends do not shift
markedly from historical patterns; and (3) the pessimistic and perhaps
unrealistic SSP5-8.5, where fossil-fuelled development increases
emissions over time leading to high greenhouse gas concentrations
(for discussions on the use and misuse of emission scenarios, see
refs, 507%2),

For aquatic areas, we used the Bio-ORACLE v.2.0 database (https://
bio-oracle.org/)****, based on monthly averages, using the vari-
ables average and maximum sea surface water temperature (SST).
In Bio-ORACLE, present conditions are produced with monthly aver-
ages for the period 2000-2014. Future layers of mean and maximum
SST were produced by averaging data from three atmosphere-ocean
coupled GCMs (AO-GCMs) (Extended Data Table 2) for the period
2090-2100. The SSPs are not yet available for aquatic environments,
so we used the corresponding Representative Concentration Path-
way (RCP) scenarios (RCP2.6, RCP4.5, and RCP8.5, respectively) that
precede the SSP scenarios (hereafter, we refer to all scenarios by the
corresponding SSP). In terms of temperature change by the end of
the twenty-first century, the SSPs and RCPs yield practically identical
predictions®. All spatial data were used at a 5 arcmin resolutionina
Behrmann equal area cylindrical projection (approximately 9.2 km)
with the WGS84 datum.

Exposure to temperatures above T,

Intwo example species (G. nigricans and P. megacephala), we estimated
exposure to environmental temperatures above the critical tempera-
ture T, separating the permissive and stressful temperature range. In
this analysis we first established a proxy of T, representing the tem-
perature above which heat stress accumulates. Specifically, T; (K) is
estimated as the temperature causing heat failure after 24 h, using the
slopeandintercept fromthelinear regressioninthe Arrhenius analysis
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slope

Te= In(R’) - intercept )
Where R’isthe rate calculated to resultin heat failure after 24 h (thatis,
R’ =1/1,440 min, compare with equation (2)). Thisapproximation of 7_is
conservative as the linearity of heat failure rates often extends beyond
24 h (for example, Fig.1a), suggesting that we may underestimate the
risk of exposure to temperatures above T.. However, the potent nature
ofheat failure versus temperature discourages excessive extrapolation
of such data (see the discussions in refs. "),

Forthespecies-levelrisk assessment, we then obtained occurrence
records from the Global Biodiversity Information Facility (GBIF; https://
www.gbif.org/; downloaded 20 March 2022). After removal of faulty
records, we found 647 and 2,063 occurrences for G. nigricans and
P.megacephala, respectively, from which we extracted the maximum
temperature in the current climate and from the SSP2-4.5 future
warming scenario (BIOS (terrestrial) and maximum SST (aquatic)
for P. megacephala and G. nigricans, respectively). Temperature data
were aggregated within46 x46 kmand 92 x 92 km cells for G. nigricans
and P. megacephala, respectively, to avoid sampling bias, resulting
in 93 and 403 cells for G. nigricans and P. megacephala, respectively.
The maximum environmental temperatures at these locations were
evaluated against the species-specific estimates of 7. to determine
which of the occurrence locations experience temperatures >7, now
and under future warming. The increase in maximal environmental
temperature above T, was associated with the resulting increase in heat
failure rates using species-specific E, estimates (8.72 eV and 3.67 eV
for G. nigricans and P. megacephala, respectively), and T (31.5 °C and
34.4 °Cfor G. nigricans and P. megacephala, respectively). For the parts
of the species-distribution ranges in which populations experience
temperatures above T, only after future climate warming, theincrease
inmaximal temperature was calculated as the difference between the
future maximum temperature and 7. For the populations in which
maximal temperature already exceeds T, theincreasein temperature
was calculated fromtheincrease between current and projected future
maximum temperatures.

Associating temperature change with E,

The projections on future percentage increasesin biological ratesin the
permissive temperature range were based on the mean annual tempera-
ture, whereas projections for increases in heat failure rates were based
onthe maximum temperatures (Extended DataFig.1a,b, respectively).
The projected change in local temperature (AT) for the three future
scenarios (SSP1-2.6, SSP2-4.5and SSP5-8.5) was determined as follows:

AT= Tfuture_ Tpresent Q)

Where T is the mean annual or maximum temperature for the spe-
cific future climate scenario, and 7, . is the current mean annual or
maximum temperature, and both were calculated separately for the
terrestrial and aquatic environment. The current mean annual tem-
perature was described by BIO1 or SST,...,,, for terrestrial and aquatic
environments, respectively, and the current maximum temperature was
described by BIOS5 or SST,,, for terrestrial and aquatic environments,
respectively (see the ‘Modelling projected temperature change’ sec-
tion; Extended Data Fig. 1c-h).

Subsequently, the projected change in temperature AT (mean and
maximum for terrestrial and aquatic environments separately) was
associated with the activation energy E, (median and first-third quar-
tile) for the specific group to calculate theincreaseinrate, for example,
E, for heat failure rate in terrestrial ectotherms was associated with
ATbased onthe maximum temperatureintheterrestrial environment.
Theprojectedpercentageincreaseinrates (inthe permissiveandstressful
range) was calculated as follows:

Ea AT
ARate (%) =|eks T2xT1 —1|x100% (6)

Where E, is the activation energy (eV), kg is the Boltzmann constant
(8.617 x10° eV K™), AT is the projected change in temperature (K)
between the current and future climate scenario, and 7, and T; are
the future and current temperature [K], respectively. The following
values of £, were used for rates in the permissive temperature range:
E,=0.56839 eV (terrestrial) and E, = 0.44329 eV (aquatic); and for heat
failurerates: E,=5.52589 eV (terrestrial) and £, = 6.68649 eV (aquatic).
Thesevalues are also presentedin Fig. 3a, and the projected percentage
increasesinrates resulting fromall three future scenarios are shownin
Extended Data Fig. 2 (biological rates in the permissive temperature
range) and in Extended Data Fig. 4 (heat failure rates in the stressful
temperature range).

Equation (6) was also used to calculate the percentage increase in
ratesfromal°Ctemperatureincrease, using the median £, for the per-
missive biological rates (E, = 0.48 eV) or heat failurerates (£, = 6.13 eV)
disregarding the specific environment and using the temperatures
listed in the ‘Converting E, to estimates of Q,,’ section.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available online®.
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Extended DataFig.1|Currentand projected changeinmeanand maximum  in(e) meanannual temperature and (f) maximum temperature under the SSP2-

temperature under climate warming. a, Current mean annual temperature 4.5scenario.g-h, Projected change in (g) meanannual temperature and
described by BIO1or SST,,.... for terrestrial and aquatic environments, (h) maximum temperature under the SSP5-8.5 scenarios. (c-h) share thebottom
respectively. b, Current maximum temperature described by BIO5S or SST,,,,« legend and the future period is 2081-2100 for terrestrial environments and

for terrestrial and aquatic environments, respectively. (a, b) share the legend 2090-2100 for aquatic environments, as they appear in WorldClim 2.1* and

immediately below. c-d, Projected change in (c) mean annual temperature and Bio-ORACLE2.0%*%, respectively. White areas indicate that temperature data
(d) maximum temperature under the SSP1-2.6 scenario. e-f, Projected change were notavailable.
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Extended DataFig.2|Projectedincreaseinbiological rates of permissive
processes under climate warming. Increaseinbiological rates (in %) of
permissive processes for both terrestrial (£, = 0.57 eV) and aquatic species
(E,=0.44 eV) resulting from changes inannual mean temperature under the

(a) SSP1-2.6, (b) SSP2-4.5and (c) SSP5-8.5scenario. The future period is 2081-2100

for terrestrial environments and 2090-2100 for aquatic environments, as they
appear in WorldClim 2.1* and Bio-ORACLE 2.0%*%*, respectively. White areas
indicate that temperature datawere not available to calculate theincreasein
biologicalrate.
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Extended DataFig. 3 | Risk of exposure to environmental temperatures
above T for Pheidole megacephala. Global risk analysis evaluating exposure
to environmental (air) temperatures beyond the critical temperature T,
(separating the permissive and stressful temperature range, here calculated
asthe temperature causing heat failurein 24 h) in current and future climates
(2081-2100, SSP2-4.5). Occurrence locations in the global distribution of

P.megacephala are coloured according to the comparison of T,to maximal air
temperature (T, ,q0)- Grey, T.> T macin current and future climates; red, T, < Ty max
inthe future climate scenarios; maroon, 7, < T, ...in the current climate.
Occurrencerecords were aggregated to 184 km cells forincreased visibility,
and asection of the distribution foundin Southern Africais showninFig.3b,
withslight discrepancies due to different spatial resolutions of occupied cells.
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Extended DataFig.4 |Projectedincreaseinheatfailureratesunderclimate futureperiodis2081-2100 for terrestrial environments and 2090-2100 for
warming. Increasein heat failure rates (in %) for both terrestrial (£,=5.53 eV) aquatic environments, as they appear in WorldClim 2.1* and Bio-ORACLE 2.0°*%*,
and aquatic species (E, = 6.69 eV) resulting from changes in maximum respectively. White areas indicate that temperature data were not available to
temperature under the (a) SSP1-2.6, (b) SSP2-4.5and (c) SSP5-8.5 scenario. The calculate the heat failurerateincrease.
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Extended DataFig.5|Summary ofincreasesin heatfailure rate across
latitudes. Boxplots of terrestrial and aquatic heat failure rates under the
SSP2-4.5warmingscenario across five latitudinal clines summarizing the results
reportedin Extended Data Fig.4b. The boxplot midline represents the median,
thelower and upper line of the box represents the 1 and 3" quartile, respectively
(with whiskers extending up to 1.5 times this range), outliers not shown.



Extended Data Table 1| Overview of the species used for the representative rates in Fig. 2a,c

Group

Biological process [unit]

Speciesreference

Permissive biological rate

Heat failure rate

Fishes

Crustaceans

Molluscs

Amphibians

Insects

ATPase
Actin activated Mg-ATPase
[P, s myosin™]

Enzyme
Transglutaminase activity
[AOD,,, s]

Cardiac
Heart rate
[beats s]

Feeding
Ciliary movement
[cm min™"]

Metabolic rate
Muscle O, consumption rate
[L O, mg" h']

Locomotion
Running speed
[ms7]

Fundulus heteroclitus®®

Pacifastacus leniusculus®

Mytilus edulis®®

Mytilus edulis®?

Rana pipiens®

Messor pergandei®®

Fundulus parvipinnis®

Pacifastacus leniusculus®

Mytilus edulis®’

Rana pipiens®*

Messor collingwoodi®®

Overview of the species used to represent the biological processes and their [units] in the permissive temperature range and the heat failure rates in the stressful temperature range. Species
were chosen based on the availability of heat failure rates and matched with measurements of permissive biological rates preferably from the same species but at least within the genus®-,
For each ectothermic group it was aimed that the biological process should represent the most frequent category within this group.
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Extended Data Table 2 | Source of spatial data in the terrestrial and aquatic environment

Environment (source) GCMs/AO-GCMs  Period Future scenarios
Terrestrial BCC-CSM2-MR 2081-2100 SSP1-2.6
(WorldClim v2.1)* CNRM-CM6-1 SSP2-4.5
CNRM-ESM2-1 SSP5-8.5
CanESM5
IPSL-CMBA-LR
MIROC-ES2L
MIROC6
MRI-ESM2-0
Aquatic CCsM4 2090-2100 RCP2.6
(Bio-ORACLE v2.0)%  HadGEM2-ES RCP4.5
MIROC5 RCP8.5

Eight General Circulation Models (GCMs) were used for the terrestrial environment and three Atmosphere-Ocean coupled GCMs (AO-GCMs) were used for the aquatic environment to build
consensus models (as the average of mean and max temperature projections). Terrestrial GCMs are from the Coupled Model Intercomparison Project v6, CMIP6, while AO-GCMs are from
CMIPV5. The future Shared Socioeconomic Pathways (SSP) used for terrestrial environments® are not yet available for aquatic environments, so here we used the corresponding Representative

Concentration Pathways (RCPs) scenarios (RCP2.6, RCP4.5, and RCP8.5, respectively) as used in the Bio-ORACLE 2.0 database.
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also collected and the activation energy was calculated, here n = 1,351 rates from 314 unique species. Activation energies of both
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scenarios, and the projected change in heat failure rates were calculated. Specific examples for two species were demonstrated by
combining distribution data with local temperature (sites n=647 and 2063) and use the calculated species-specific activation energy
for heat failure to indicate the percent increase in heat failure rate with climate warming.

Data on "normal" biological rates (e.g. metabolism, enzyme rates and locomotion) measured at two temperatures were compiled
from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature Climate Change), and a few additional entries (n = 4, rates measured
at >4 temperatures) were added as they were used in a figure. Heat failure data were collected in a litterature search, and the
criterium for selection was that for a specific species heat failure time was measured at at least 3 temperatures, to allow for a linear
regression. Both the "normal rate" and heat failure data set includes a wide range of ectothermic species with major groups like
fishes, insects, crustaceans, amphibians and molluscs represented.

No sample size calculation was performed; we collected as many entries as we could find for the heat failure data and used the
available "normal" rates from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature Climate Change). A few additional "normal
rate" entries (n = 4, rates measured at >4 temperatures) were added as they were used in a figure.

Heat failure data were collected in a literature search (Google Scholar) performed by LBJ, and the data found in Dell et al (2011,
PNAS) and Seebacher et al (2014, Nature Climate Change) was curated to the needs of this study by LBJ.

Current and projected future mean annual temperature and maximum monthly temperature was obtained for terrestrial and aquatic
environments from the WorldClim v2.1 and Bio-ORACLE v2.0 databases, respectively. In these databases, current conditions
represent 1970-2000 or 2000-2014 for terrestrial and aquatic environments, respectively. Future climate conditions were predicted
for three future emission scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5), from eight General Circulation Models (GCMs) for the period
2081-2100 for the terrestrial environments or three Atmosphere-Ocean coupled GCMs (AO-GCMs) for the period 2090-2100 for the
aquatic environments. All climate data was used in a 5 arc minute resolution with the WGS84 datum. All climate data was analyzed
and curated by M@.

The litterature search was performed in the fall of 2021. The spatial scale of the climate association analysis is global.

No data were excluded, except overlapping entries in the data sets from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature
Climate Change).
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ABSTRACT

A decline in size is increasingly recognised as a major response by ectothermic species to global warming.
Mechanisms underlying this phenomenon are poorly understood but could include changes in energy balance of
consumers, driven by declines in prey size coupled with increased energy demands due to warming. The sardine
Sardina pilchardus is a prime example of animal shrinking, European populations of this planktivorous fish are
undergoing profound decreases in body condition and adult size. This is apparently a bottom-up effect coincident
with a shift towards increased reliance on smaller planktonic prey. We investigated the hypothesis that foraging
on smaller prey would lead to increased rates of energy expenditure by sardines, and that such expenditures
would be exacerbated by warming temperature. Using group respirometry we measured rates of energy
expenditure indirectly, as oxygen uptake, by captive adult sardines offered food of two different sizes (0.2 or 1.2
mm items) when acclimated to two temperatures (16 °C or 21 °C). Energy expenditure during feeding on small
items was tripled at 16 °C and doubled at 21 °C compared to large items, linked to a change in foraging mode
between filter feeding on small or direct capture of large. This caused daily energy expenditure to increase by
~10 % at 16 °C and ~40 % at 21 °C on small items, compared to large items at 16 °C. These results support that
declines in prey size coupled with warming could influence energy allocation towards life-history traits in wild
populations. This bottom-up effect could partially explain the shrinking and declining condition of many small
pelagic fish populations and may be contributing to the shrinking of other fish species throughout the marine

* Corresponding author at: MARBEC, Univ Montpellier, IFREMER, CNRS, IRD, Montpellier, Sete, Palavas-les-Flots, France.
E-mail address: quentin.queiros@slu.se (Q. Queiros).

https://doi.org/10.1016/j.scitotenv.2023.167310

Received 3 March 2023; Received in revised form 1 September 2023; Accepted 21 September 2023

Available online 23 September 2023

0048-9697/© 2023 Elsevier B.V. All rights reserved.



Q. Queiros et al.

Science of the Total Environment 906 (2024) 167310

food web. Understanding how declines in prey size can couple with warming to affect consumers is a crucial
element of projecting the consequences for marine fauna of ongoing anthropogenic global change.

1. Introduction

Ongoing global warming constitutes a major threat for biodiversity,
especially in marine ecosystems, with some scenarios of future tem-
perature increases reaching +5 °C in 2100 (IPCC, 2013, 2014; Orr et al.,
2005). For ectotherms such as fishes, warming results in large increases
in their physiological rates (Clarke and Fraser, 2004; Seebacher et al.,
2015). While ongoing global warming might therefore be expected to
boost growth rates in ectotherms (Morrongiello et al., 2019; Seebacher
et al., 2015), it has in fact been correlated with a progressive decline in
adult body size of many fish species in the wild (e.g. in Baudron et al.,
2014; Gardner et al., 2011; Sheridan and Bickford, 2011, but see Aud-
zijonyte et al., 2020). The factors that contribute to this shrinking of
fishes are poorly understood; it is coherent with how warming might
affect macroecological phenomena such as Bergmann's rule and James'
rule, and is associated with a significantly higher proportion of younger
age classes and a generalised decline in individual size-at-age in pop-
ulations (Daufresne et al., 2009). Shrinking of fishes may also be linked
to the Temperature-Size rule (TSR), the phenomenon whereby warm
temperatures cause more rapid early growth of ectotherms but a decline
in their final adult size, when compared to conspecifics reared in a cooler
regime (Atkinson, 1994). The mechanisms involved in the TSR remain to
be elucidated, it is observed in wild populations but can also be repro-
duced under controlled conditions in the laboratory (Forster et al., 2012;
Horne et al., 2015).

Although there has been recent theoretical focus on whether the TSR
relates to respiratory physiology (Verberk et al., 2021), early work
focussed upon whether changes in energy budget and allocation may be
a major driver of fish shrinking with warming (Gardner et al., 2011;
Pauly et al., 2010). The availability and quality of food resources can
affect individual growth rates and adult body size through energy trade-
offs among growth, survival and reproduction (Stearns, 1989, 1992),
and such effects may be exacerbated if energy requirements are
increased by warming. That is, it is unlikely that temperature per se is
the only variable involved in the size decline in wild populations, since
few exceptions to this rule are spreading across years, in particular
studies that investigated food resources as a driver explaining the TSR
(e.g. in Diamond and Kingsolver, 2010; Lee et al., 2015; Ljungstrom
et al., 2020; Millien et al., 2006).

Temperature and food resources are both environmental variables
whose variations can challenge an individual's energy balance and that
can drive fish life-history traits through physiological processes. Thus,
while the higher physiological rates due to warming cause an increase in
energy demands, energy availability for marine fishes is predicted to
decline due to climatic stressors that affect primary production and
marine animal biomass (Ariza et al., 2022; Bopp et al., 2005; Daufresne
et al., 2009; Lotze et al., 2019). Ocean warming can amplify vertical
stratification and limit nutrient mixing (Roemmich and McGowan,
1995) which causes declines in plankton abundance at the base of the
food web and leads to communities dominated by smaller-sized species
and individuals (Bopp et al., 2005, 2013; Daufresne et al., 2009;
Richardson and Schoeman, 2004; Ward et al., 2012).

The first impacts of such changes at low trophic levels could be
observed on planktivorous species, such as small pelagic fishes (e.g.
Brosset et al., 2017; van Beveren et al., 2014). These species represent
about 25 % of worldwide fishery landings by weight (FAO, 2018),
supporting the economy of several countries (Alheit et al., 2009; Fréon
et al., 2005). Fluctuations of their populations can have critical eco-
nomic and social consequences, as observed following the collapse of the
Peruvian anchovy in the early 1970s (Alheit et al., 2009; Allison et al.,
2009; Schwartzlose et al., 1999). Population fluctuations of small

pelagics are being exacerbated by ongoing global change (Brochier
etal., 2013; Shannon et al., 2009), so these species represent key models
to evaluate energetic mechanisms underlying shrinking of adult fish
size.

In fact, small pelagic planktivorous fishes in the Mediterranean Sea
are a major example of shrinking (Albo-Puigserver et al., 2021; Brosset
et al., 2017). There is an ongoing and profound decrease in individual
body size and condition of sardine (Sardina pilchardus) and anchovy
(Engraulis encrasicolus), which appears to be a consequence of bottom-up
control mediated by changes in plankton composition and abundance
(Brosset et al., 2016; Saraux et al., 2019). This was associated with a
major regime change in the mid-2000s, with shifts of nutrient inputs,
water mixing and plankton production (Feuilloley et al., 2020). Since
2008, these species' diet has shifted progressively from large prey (> 1
mm, especially cladocerans) to increased reliance on smaller prey (< 1
mm, especially copepods), which indicates changes in the plankton
community towards smaller species (Brosset et al., 2016). Smaller
zooplankton can be less nutritious (Zarubin et al., 2014), so a decline in
zooplankton size could entrain a decrease in rates of energy acquisition
by their predators. Identifying a clear mechanistic link between a
decrease in plankton size and fish growth, and ultimately population
dynamics, is crucial since fish shrinking is spreading to new ecosystems
and species (see Bensebaini et al., 2022; Véron et al., 2020).

Challenges to energy balance when prey become smaller could be
further exacerbated in fishes if prey size also influences foraging
behaviour. Here, the sardine is also an interesting model species. Sar-
dines spontaneously modify their feeding behaviour according to the
size of their prey, using diffuse filter-feeding when prey is small but
direct capture when prey is large (Garrido et al., 2007, 2008). A recent
long-term experiment on captive sardines showed that, for the same
food ration, a reduction in food size could significantly impair growth
and body condition (Queiros et al., 2019). Sardines filter feeding on
small particles had to consume twice as much as those capturing large
particles to achieve the same growth and body condition (Queiros et al.,
2019). We suspected that the two foraging modes had different energetic
costs for the same degree of resource acquisition, with costs being higher
for sustained aerobic swimming during filter-feeding compared to brief
bursts of swimming to capture prey (Costalago and Palomera, 2014;
Queiros et al., 2019). At the same time, food availability could be highly
significant in the wild, filtration could be effective in very rich areas
such as upwellings whereas particulate feeding might be more advan-
tageous in areas with lower prey density (Costalago et al., 2015).

The current study focused on this complex predator-prey interaction
in a captive population of adult sardines. We investigated the hypothesis
that foraging on smaller prey would lead to increased rates of energy
expenditure by sardines, and that these energy requirements would be
exacerbated with warming temperature. To assess the energetic conse-
quences of feeding sardines on prey of different sizes and at different
abundances, we used group respirometry to measure rates of oxygen
uptake and provided prey as commercial pellets of two different sizes at
a range of ration levels. We compared animals acclimated to two tem-
peratures within the species' thermal range, either a cool 16 °C or warm
21 °C. Thus, the effects on oxygen consumption of particle size and
temperature were investigated according to 5 scenarios: (1) change from
large to small particles at cool temperature; (2) change from large to
small particles at warm temperature; (3) rise in temperature with fish
fed on large particles; (4) rise in temperature with fish fed on small
particles, and (5) change from large to small particles while also
increasing temperature. To that end, we focussed on overall daily en-
ergetic costs but also a careful comparison of energetic costs incurred
during and after feeding for each scenario.
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2. Material and methods
2.1. Animal capture and husbandry

Sardines were captured by commercial purse-seiner and transferred
to the IFREMER Palavas-les-Flots research station, with the same fishing
and husbandry procedures as described tailed in Queiros et al. (2019).
Over the first week, sardines were acclimated to tanks and weaned onto
commercial aquaculture pellets. They were fed with a mixture of Arte-
mia nauplii and commercial aquaculture pellets (mix of 0.2 and 1.2 mm
diameter), with increasing proportions of pellets and decreasing pro-
portions of Artemia throughout the week, concluding exclusively with
pellets. After 2-3 weeks, sardines were transferred into indoor 1 m?
holding tanks, until experimentation. Water temperature was not set
during this period but followed natural fluctuations from 15 to 20 °C
(SST at the time of capture was 14 °C).

2.2. Experimental design

Eighty sardines were distributed among 8 experimental tanks in
groups of 10 animals (volume 50 L), to ensure similar distributions of
body mass and condition among tanks (Fig. S1), and fish densities
comparable to those of Queiros et al. (2019). Fish were acclimated to the
new tanks while temperature was gradually changed from 19 °C to
either 16 °C or 21 °C over one week. Before the experiments began, fish
were fed with commercial pellets twice a day, a mix of 0.2 and 1.2 mm to
avoid preference bias for pellet size. These eighty sardines were used for

Science of the Total Environment 906 (2024) 167310

both experiments 1 and 2, described below, and these two experiments
were performed sequentially in the same setup.

The tanks were modified to function as open automated respirome-
ters (McKenzie et al., 2007, 2012; Queiros et al., 2021) using the prin-
ciples of cyclical intermittent stopped flow (Steffensen, 1989), as
described below. Four tanks were held at each of the two temperatures,
each set of four was supplied by water from a single reservoir where
water temperature was regulated by an Ice 3000 (Aquavie) at 16 °C or
by a Red Line heater (Zodiac) at 21 °C. Water in the reservoir was
vigorously aerated, to maintain oxygen saturation and ensure thorough
mixing. Water was delivered to tank respirometers by submersible
pumps (Eheim 3400); within each respirometer the water was also
gently but thoroughly mixed by a submersible pump (Newa Maxi 500) to
avoid any thermal or oxygen gradients (see Supplementary Material and
Fig. S2).

All respirometers were exposed to a 12L:12D photoperiod (L: light,
D: darkness) with a natural sunlight spectrum and 30 min progressive
dawns and sunsets. Individual total length and body mass was measured
every two weeks under anaesthesia (140 mg L1 benzocaine). To esti-
mate total tank biomass each day, body mass gain (or loss) was assumed
to be linear between successive bi-weekly measures. Total biomass was
then used to adjust rations and to calculate oxygen consumption. No
mortality was observed during the experiments.
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Fig. 1. Conceptual framework of the two experiments on cocktail effects of food size (0.2 and 1.2 mm), food rations (between 0.1 % and 1.8 % of the total biomass in
tank) and temperature (16 °C and 21 °C) on energy expenditure of sardines (daily [A], during the meal period [B], during digestion [C], on the maximal intensity

during feeding [D]) and on the duration of the feeding activity [E].
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2.3. Protocols

2.3.1. Experiment 1: effects of prey size, prey abundance and temperature
on daily energy expenditure

To investigate effects of prey size, we offered sardines one of two
commercial pellets that had similar composition in terms of lipids and
proteins but differed in size, being either 0.2 mm or 1.2 mm in diameter,
for a period of six weeks. These sizes fall within the natural range of
sardine prey (Nikolioudakis et al., 2012), but elicit two markedly
different foraging modes, being either filtering on 0.2 mm pellets or
particulate capture of 1.2 mm pellets (Queiros et al., 2019). Eight prey
abundances were studied, as pellet rations ranging from 0.1 to 1.8 % of
the total fish mass per tank: 0.1 %, 0.2 %, 0.3 %, 0.4 %, 0.6 %, 1.0 %, 1.4
%, 1.8 %. The combination of two sizes and eight rations resulted in 16
feeding treatments for each of the 2 temperatures (Fig. 1). Sardines were
fed once a day at 09:00 in the morning. Daily feeding treatment for a
tank was randomly assigned but comprised 2 replicates of each feeding
treatment per tank over the entire experiment (i.e. 8 replicates per
feeding treatment x temperature).

The cyclical measures of oxygen uptake rate (MO2 in mg kg™' h™)
provided an indirect estimate of metabolic rate and, therefore, energy
use, while the sardines fed, digested and exhibited diurnal patterns of
spontaneous activity. Methodological details are provided below. A
continual cycle of 15 min stopped flow to measure MOZ2 alternated with
15 min flush with aerated water was used, except at feeding when flow
was stopped for 30 min (at rations of 0.1 %, 0.2 %, 0.3 % and 0.4 %) or
60 min (at rations of 0.6 %, 1.0 %, 1.4 % and 1.8 %), to ensure the entire
ration was consumed before flushing. Food was distributed 5 min after
flow was stopped, when water level had stabilized in all respirometers.

Bias due to behavioural responses to the act of feeding (e.g. antici-
pation caused by human presence near tanks at the typical feeding time)
was controlled for by sham-feeding events, where the typical feeding
gestures were performed but no food was provided. These shams were
performed twice a day (9:00 am and 2:00 pm) for 2 days in all tanks, in
the middle and at the end of experiment 1.

2.3.2. Experiment 2: effects of prey size, prey abundance and temperature
on features of foraging behaviour

In this experiment we studied features of the foraging modes,
filtration or particulate capture, in more detail, considering duration
and maximum intensity (Fig. 1). To this end, sardines were fed twice a
day (9:00 am and 2:00 pm) for 3 weeks with 8 treatments: one of two
food sizes (0.2 and 1.2 mm) at four rations (0.1, 0.2, 0.3 and 0.4 % of
tank biomass). The combination of two sizes and four rations resulted in
8 feeding treatments for each of the 2 temperatures (16 °C and 21 °C).
Based on the results of Experiment 1, rations were chosen not to cause
satiety. Similar to Experiment 1, MO2 was measured throughout and for
30 min during feeding (food distributed after 5 min). Combining these
data with those of Experiment 1 (Fig. S3), we obtained a total of 24
replicates per feeding treatment x temperature for food rations between
0.1 % and 0.4 %. Any bias due to behavioural responses to the act of
feeding was assessed by two sham events, as described above.

2.4. Respirometry

Water oxygen levels were recorded every 5 s in the tank respirom-
eters, with an Oy optode (Oxy-10 mini; PreSens Precision Sensing
GmbH, /www.presens.de) and associated software (Pre-Sens Oxy 4v2).
Water O, saturation never fell below 70 % during the 15 min of stopped
flow and never below 60 % after feeding. Saturation was rapidly
restored when the tanks were flushed with a flow of aerated water from
the reservoir.

Oxygen uptake by the sardines caused a linear decline in water Oy
concentration over time during each stopped flow phase (‘closed
phase’). The MO2 was calculated in mg O, kg™! h™!, using least-square
regression of the slope, considering oxygen solubility at the appropriate
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temperature (measured continuously) and salinity (measured daily);
tank volume (50 L), and fish biomass (McKenzie et al., 2007). Only
slopes with R? > 0.95 were kept for further analyses (<5 % of slopes
were removed from analyses). Gas exchange across the water surface
being negligible, no correction was applied when estimating sardine
oxygen consumption (McKenzie et al., 2007; Queiros et al., 2021).

2.5. Respirometry data analyses

2.5.1. Basal and daily oxygen consumption

Basal Oy uptake rate of day; was expressed as the lowest 15
%-quantile (Chabot et al., 2016a) of the daily Oy consumption of the
previous day (from 06:00 a.m. dayj; to 06:00 a.m. day;). This rate of
oxygen uptake was then used as a baseline for calculating daily oxygen
consumption on day;, expressed in mg Oy kg~ d~}, as an increase from
this basal rate. This normalisation avoided bias linked to a change in fish
biomass during experiments, short-term effects of a previous meal, or a
small change in temperature, salinity, minor human disturbance, etc.
Daily MO2 was calculated as the area under the curve (AUC) of MO2
over time, from 06:00 a.m. and for 24 h (Fig. 1, point A) using the
‘DescTools’ package in R (Signorell, 2023). The AUC was calculated over
two periods: (i) raw data from 06:00 a.m. until noon, to catch the peak of
oxygen consumption observed during the meal period and (ii) smoothed
values of the oxygen consumption after 12:00 a.m. (oxygen consumption
smoothed using lowess function) to avoid outliers due to, for example,
minor disturbance in the room, that might distort daily estimations
(Fig. S3).

2.5.2. Oxygen consumption during feeding

When focusing on effects of a meal on MO2, these were calculated
relative to a control baseline that was estimated as the mean of the
preceding 2.5 h. This was done to avoid bias when either lights were
turned on 1.5 h before the 1st daily meal, or there were remnant effects
of digestion of that 1st meal for the 2nd meal period. Since it took up to
2 min to feed all tanks (i.e. between 5 and 7 min after the beginning of
the closed phase), we first needed to establish the start of the feeding
event for each tank. To do so, we identified a break in the rate of oxygen
decline in the water during the initial minutes of the ‘closed phase’,
using the ‘segmented’ package (Muggeo, 2008). Once this was identified,
oxygen consumption was calculated, in mg Oy kg™* h™1, as the linear
decline of oxygen concentration from there until 2 min before the end of
the ‘closed phase’ (Fig. 1, point B).

2.5.3. Oxygen consumption during digestion

The start of the digestion period was considered to begin 90 min after
the start of the meal period, this being the maximal duration of the
feeding and then flush periods across the different rations. Thus, with
feeding at 09:00, the oxygen consumption during digestion was calcu-
lated, in mg O, kg™! d™}, as the AUC of the oxygen consumption over
time between 10:30 a.m. of day; and 06:00 a.m. of day;; (Fig. 1, point
C). This oxygen consumption was expressed as an increase from the
basal O, uptake of day; as estimated above.

2.5.4. Maximal oxygen consumption during feeding

To reveal dynamics of metabolic rate after feeding (Fig. S5), MO2
was estimated as a moving average at 30 s intervals during the closed
feeding period, using linear regressions over 1 min on smoothed data for
12 measures of tank oxygen concentration. This revealed the maximum
oxygen consumption, in mg Oy kg~! h™!, achieved during each meal
period (Fig. 1, point D).

2.5.5. Duration of the feeding period

To estimate feeding duration, in minutes, we identified the end of the
meal as the breakpoint when oxygen concentration stopped decreasing
severely after feeding, taken to indicate the end of feeding-related ac-
tivity (Fig. 1, point E). That is, a broken-line regression was performed
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on oxygen consumption values calculated every 30 s (also every 30 s
over 1 min), starting at the peak of oxygen consumption as estimated
above.

2.6. Statistical analyses

Effects of food rations, prey (particle) size and temperature, on ox-
ygen consumption and feeding duration, were assessed using linear
mixed-effects models. We built a series of models including three fixed
effects (food size, food ration and temperature), as well as their in-
teractions. Because of variability among tanks within each food ration x
food size x temperature treatment, we also introduced a random tank
intercept effect. The best-fitting model was selected based on the lowest
AIC, values (Burnham and Anderson, 2002) following Zuur et al. (2009).
When the difference between these models in AIC, (AAIC.) was lower
than two, the most parsimonious model was selected (Burnham and
Anderson, 2002). Food ration was log-transformed for models of MO2
during feeding and maximal MO2 during feeding. Then, food ration was
second order polynomial transformed to model feeding activity.

Finally, the effects of prey (particle) size and temperature on oxygen
consumption were investigated according to 5 scenarios: (1) a change
from large to small particles at cool temperature; (2) a change from large
to small particles at warm temperature; (3) a rise in temperature with
fish fed on large particles; (4) a rise in temperature with fish fed on small
particles, and (5) a change from large to small particles while also
increasing temperature (see arrows in Fig. 2). As such effects also
depend on the food ration when the interaction with food ration was
significant, we performed pairwise comparison to test significance of
scenarios using selected best-fitting models as previously described.
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Results of scenarios over food ration are expressed as absolute and
relative increases. Results are indicated as mean [95 % CI]. Upper and
lower 95 % CI values of relative differences over food ration were
calculated following Kohavi et al. (2009).

All data analyses were performed under R (R Core Team, 2020) and
linear mixed-effects models were built using the ‘lme4’ package (Bates
et al., 2015). All statistical tests were considered significant at p-values
<0.05.

3. Results

When fasted, MO2 was low and statistically similar throughout the
day (black curve in Fig. 2). When sardines were fed, MO2 peaked during
the feeding period after 09:00, then decreased for the rest of the day for
all feeding treatments and both temperatures. Oxygen consumption
increased with food ration and rearing temperature but, during feeding
at both temperatures, MO2 was higher when feeding on the small par-
ticles (Fig. 2).

3.1. Daily oxygen consumption

During fasting days, median daily MO2 (i.e. the AUC relative to basal
daily oxygen consumption) was the lowest, demonstrating the clear ef-
fects that feeding and/or digestion exerted on daily energy expenditure
(Fig. 2, Fig. S6).

The best linear mixed-effect model included double interactions
between food ration and food size and between food ration and tem-
perature (Tables S1 and S2, Fig. S6, S7). An increase in ration consis-
tently caused a significant increase in daily oxygen consumption when
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Fig. 2. Median oxygen consumption over time according to food ration for the 4 experimental treatments: cool temperature and large particles (A), cool temperature
and small particles (B), warm temperature and large particles (C) warm temperature and small particles (D). Black lines are for days of fasting, blue and red represent
cool (16 °C) and warm (21 °C) temperatures, respectively. Darker lines represent higher rations of food. Arrows represent the 5 scenarios for which oxygen con-
sumption were compared: (1) change from large particles to small particles at cool temperature; (2) change from large particles to small particles at warm tem-
perature; (3) rise in temperature for fish fed on large particles; (4) rise in temperature for fish fed on small particles, and (5) change from large particles to small

particles while also increasing temperature.



Q. Queiros et al.

considering either food size or temperature. When considering only food
size effects, slopes were significantly different (p < 0.001) and the in-
crease was smaller for large particles (slope [95 % CI]; 420 [324;515]
mg of Oy kg’1 d’l) than for small particles (714 [618;810] mg of 02/kg/
d, graph Daily in Fig. 3, Table S3).

When comparing large to small particles over all food rations, sce-
narios (1) and (2) were not significant since food size x temperature
interaction was not retained during model selection. Daily MO2
exhibited a mean [95 % CI] relative increase of 13 [1;37]% for small
particles at 16 °C, while this increase was 10 [3;22]% at 21 °C (graph
Daily in Fig. 3, Table 1).

3.2. Oxygen consumption during feeding

During fasting days, median MO2 at the time of sham feeding was
centered on zero (Fig. S8), indicating that the increase in MO2 observed
during all true feeding events resulted from actual energy expenditure to
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feed and not from behavioural responses by the sardines to feeding
gestures.

The MO2 during feeding was significantly related to the three double
interactions (food ration x food size, food ration x temperature and
food size x temperature, Tables S4 and S5, Fig. S8, S9). When consid-
ering only food size effects, slopes were significantly different (p <
0.001) and the increase was smaller for large particles (slope [95 % CIJ;
95 [85;105] mg of O2 kg’1 h~1) than for small particles (129 [119;139]
mg of 05 kg™! h™!, Table S3).

Food size had a strong and significant effect on MO2 during feeding.
When sardines fed on small particles at 16 °C, their mean [95 % CI] MO2
was almost multiplied by 2.5 by comparison to large particles (p-value
<0.001), rising by 155 [46;397]1%, while it doubled in sardines feeding
on small particles, rising by 116 [59;209]% compared to large particles
at 21 °C (p-value <0.001, graph Meal period in Fig. 3, Table 1).
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Fig. 3. Smooth functions of [A] daily, [B] while feeding, [C] while digesting, [D] maximal oxygen consumptions (relative to basal oxygen consumption, see details in
Material and Methods) and [E] feeding duration according to the food ration for the 4 experimental treatments: cool temperature and large particles (solid blue lines),
cool temperature and small particles (dotted blue lines), warm temperature and large particles (solid red lines) and warm temperature and small particles (dotted red
lines). Arrows represent the mean relative increase of the oxygen consumption/feeding duration according to 4 scenarios summarized in top-left panel: scenario 1 =
meal modification from large particles to small particles at cool temperature, (2) meal modification from large particles to small particles at warm temperature, (3)
increasing temperature when fish fed on large particles and (4) increasing temperature when fish fed on small particles. Only food size x food ration had a significant

effect on feeding duration.
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Table 1
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Absolute and relative differences (estimates and 95 % confidence intervals) for the 5 scenarios for which oxygen consumption
were compared: (1) change from large particles to small particles at cool temperature; (2) change from large particles to small
particles at warm temperature; (3) rise in temperature for fish fed on large particles; (4) rise in temperature for fish fed on small
particles, and (5) change from large particles to small particles while also increasing temperature. Scenarios were tested using
pairwise comparisons. Both differences were calculated by pairwise comparisons and 95 % CI of relative differences were
estimated following Kohavi et al., 2009. Absolute differences are given in mg of O, kg~ d* for daily and during digestion, in mg
of Oy kg™! h™! for maximal and during feeding, and in minutes for feeding duration.

Period Scenario Relative change (%)  Absolute change
w Scenario (1): 16°C | Large = Small 13 [1;37] 108 [6;211]
w Scenario (2): 21°C | Large = Small 10 [3;22] 108 [6;211]

i; * Scenario (3): Large | 16°C = 21°C 33[6,87] 265 [-290;821]
* Scenario (4): Small | 16°C = 21°C 29 [8;68] 265 [-265;821]
Scenario (5): 16°C + Large = 21°C + Small 46 [10;121] 373 [-179;926]
@ Scenario (1): 16°C | Large = Small 155 [46;397] 132 [120;143]

3 w Scenario (2): 21°C | Large = Small 116 [59;209] 146 [135;157]

% ’ Scenario (3): Large | 16°C = 21°C 48 [11;128] 41 [24;58]

§ * Scenario (4): Small | 16°C = 21°C 26 [16;37] 56 [38;73]
Scenario (5): 16°C + Large = 21°C + Small 220 [68;561] 187 [170;205]
@ Scenario (1): 16°C | Large = Small -3 [-13;-1) -18 [-112;76]

< @ Scenario (2): 21°C | Large = Small -3 [-6;-1] -18 [-112;76]

‘g;; * Scenario (3): Large | 16°C = 21°C 34 [-4;183] 178 [-212;569]

e * Scenario (4): Small | 16°C = 21°C 36 [-5;214] 178 [-212;569]
Scenario (5): 16°C + Large = 21°C + Small 31 [-3;164] 160 [-228;548]
@ Scenario (1): 16°C | Large = Small 48 [24,;84] 134 [111;157]

= @ Scenario (2): 21°C | Large = Small 48 [29;75] 170 [148;193]

% * Scenario (3): Large | 16°C = 21°C 26 [12;46] 72 [-15;159]

= * Scenario (4): Small | 16°C = 21°C 26 [16;39] 108 [21;195]
Scenario (5): 16°C + Large = 21°C + Small 87 [47;148] 242 [155;329]

S >

§ Large = Small 42 [-11;339] 4[2;6]

a

3.3. Oxygen consumption during digestion

Similar to the daily MO2, best linear mixed-effect model for MO2
during digestion included double interactions between food ration and
food size and between food ration and temperature (Tables S6 and S7,
Fig. S10, S11). Slopes differed significantly (p < 0.001); the lowest slope
was estimated for sardines on large particles (slope [95 % CI]; 300
[213;388] mg of Oy kg~! d~!) while the highest slope was obtained for
sardines on small particles (533 [445;621] mg of Oy kg~! d~!, graph
Digestion in Fig. 3).

When comparing large to small particles averaged over all food ra-
tions, scenarios (1) and (2) were not significant since interaction be-
tween food size and temperature was not retained in the selected model.

Indeed, mean [95 % CI] MO2 during digestion decreased by 3
[-13,—1]% at 16 °C, while this decrease was 3 [—6;-1]1% at 21 °C (graph
Digestion in Fig. 3, Table 1).

3.4. Maximal consumption during feeding

Similar to the MO2 during feeding, maximal MO2 during feeding was
significantly correlated with the three double interactions (Tables S8
and S9, Fig. S12, S13). Slopes differed significantly (p = 0.001); the
lowest slope was estimated for sardines on small particles (slope [95 %
CI]; 87 [67;106] mg of Oq kg_l h_l) while the highest slope was ob-
tained for sardines on large particles (132 [113;152] mg of O, kg > h™?,
graph Maximum in Fig. 3, Table S3).
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Food size had a strong and significant effect on maximal MO2 during
feeding since food size x temperature interaction was retained during
model processing. When sardines fed on small particles at 16 °C, their
mean [95 % CI] maximal MO2 rose by 48 [24;84]% by comparison to
large particles, while such increase was 48 [29;75]% at 21 °C (graph
Maximum in Fig. 3, Table 1).

3.5. Feeding duration

Contrary to the previous MO2 features, the selected model for the
feeding duration included interaction between food ration and food size
but not with temperature since food ration x temperature and food size
x temperature interaction were not retained (Tables S10 and S11,
Fig. S14, S15). Slopes differed significantly between the two food sizes
(p = 0.004). Indeed, the feeding duration decreased with increasing food
ration when sardines fed on small particles (slope [95 % CI]; —3 [—6;0]
min) while it increased when sardines fed on large particles (4 [1;7] min,
Table S3).

When comparing large to small particles averaged over all food ra-
tions, scenarios (1) and (2) were not significant since interaction be-
tween food size and temperature was not retained in the selected model.
Mean [95 % CI] feeding duration increased by 42 [—11;339]% (graph
Feeding duration in Fig. 3, Table 1).

3.6. Temperature effects

Temperature had significant effects on all oxygen consumptions and
on the feeding duration (Tables S1 to S11). Indeed, food ration x tem-
perature interaction was included in all selected models on MO2 and
food size x temperature interaction was included in models on MO2
during feeding and maximal MO2 during feeding. Moreover, in the
model on feeding duration, temperature was retained without its in-
teractions (Tables S10).

When studying interaction of food ration and temperature, slopes
were significant different between the two temperatures in all MO2
models and they were always smaller at cool than at warm temperature.
Thus, slopes were smaller at 16 °C than at 21 °C for daily MO2, MO2
during digestion, MO2 during feeding, and maximal MO2 during feeding
(Table S3). Surprisingly, slopes were very similar when considering
either large particles or cool temperature effects (e.g. slopes [95 % CI]
for daily MO2, 420 [324;515] and 413 [317;509], respectively) and
either small particles or warm temperature effects (for daily MO2, 714
[618;810] and 721 [626;817], respectively, suggesting similar effects of
prey shrinking and temperature warming over food ration on MO2 (see
Table S3).

When comparing cool to warm conditions, in scenarios (3) and (4)
there was no significant effect of temperature on daily MO2, MO2 during
digestion or on feeding duration, because food size x temperature
interaction was not retained within selected models. On the other hand,
warming effects were significant on MO2 during feeding (p-values
<0.001) but only scenario (4) was significant on maximal MO2 during
feeding (p-value = 0.02). Thus, the temperature change from 16 °C to
21 °C caused mean MO2 during feeding to increase by 26 [16;37]% in
fish fed on small particles, and by 49 [11;129]1% in fish fed on large
particles. This temperature change caused mean maximal MO2 during
feeding to increase by 26 [16;39]% in sardines fed with small particles
(Fig. 3, Table 1).

3.7. Cocktail effects of the global warming

Smaller particle size and higher temperature resulted in a mean [95
% CI] daily MO2 increase of 46 [10;121]%, representing an increase of
373 [—179;926] mg of Oy kg™! d™!. This increase was caused by the
significant multiplication by 3 of the MO2 during the meal period (220
[68;561]%, representing 187 [170;205] mg of O, kg’1 h™1) and higher
MO2 during the digestion (31 [—3;163]%, representing 160 [—228;548]
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mg of O, kg™! d1). Moreover, such change caused an increase of the
maximal MO2 during feeding by 87 [47;148]%, representing an increase
of 242 [155;329] mg of Oy kg~! h™!, and a longer feeding period (42
[-11;339]%, representing 4 [2;6] min without temperature effect,
Fig. 4, Table 1).

4. Discussion

This study investigated how a modification of food resources under
climate warming might jeopardize energy balance of small pelagic
species, using sardines in the Mediterranean Sea as a case study. To do
so, we used in-vivo group respirometry to investigate the effects of prey
(food) size and availability (ration) on sardine energy expenditure, and
how this was influenced by temperature. Our results demonstrate that
both food size and temperature had significant effects on multiple
measures of energy expenditures, over daily and hourly timescales.
While temperature significantly increased expenditures overall, food
size had a major impact on energy expenditure for activity during
feeding itself. That is, the results indicate that food resources and tem-
perature are major environmental drivers that can dramatically increase
energy expenditures of fishes and disturb their energy balance in a
scenario of future climate change, in warmer waters with smaller prey.
As such, the results also provide experimental evidence that such chal-
lenges to energy balance may contribute to the ongoing shrinking of fish
populations.

Daily oxygen consumption measured in this study was corrected
against a baseline of standard metabolism (Chabot et al., 2016a), so
represents daily energy expenditure on activity. The results suggested
greater expenditure for days where sardines fed on small particles, due
to higher oxygen consumption during either feeding and/or digestion.
The very marked increase in oxygen consumption during actual feeding
on small items must reflect different costs of foraging mode, with
filtering being more expensive than particulate feeding. While this
confirms our hypothesis and helps explain the decreased growth and
body condition of sardines fed for an extended period on small items
(Queiros et al., 2019), the magnitude of the effect is quite remarkable.
Both MO2 and duration of the meals provide a more detailed under-
standing of the widely different energy costs of the two foraging modes.
First, the higher maximal MO2 when fish fed on small particles indicates
greater energy requirements for the continuous aerobic swimming in
filter-feeding compared to rapid bursts to capture large particles (Cos-
talago and Palomera, 2014). Queiros et al. (2019) had already noted that
the duration of feeding activity was longer when sardines fed on small
particles, it presumably represents the time needed to filter the entire
tank volume and, therefore, might not be expected to change much with
ration. It is interesting therefore that feeding duration on small particles
was in fact lower at low or high rations than at intermediate ones. Low
duration at low ration might suggest rapid loss of interest if food
acquisition was very poor, while at high ration it might indicate satia-
tion. For particulate feeding, more particles to catch should translate
into longer duration, which was observed until a ration threshold where
a plateau would indicate satiation. Overall, we expected feeding dura-
tion to be longer on small particles at low ration but longer on large
particles, but this was only true for rations below 0.6 %, after which
duration was similar for both particle sizes. Finally, all these results
indicate that higher energy expenditure by sardines filter feeding on
small particles can explain why they would have to eat twice as much as
when feeding on large pellets to achieve similar growth or body con-
dition (Queiros et al., 2019).

Our finding that oxygen consumption during the digestion increased
with the food ration, for both particle sizes, presumably reflects the so-
called specific dynamic action of feeding (SDA) response (McCue, 2006).
This reflects the energy needed for the digestion, absorption and
assimilation of a meal (Chabot et al., 2016b), hence the energetic ‘costs
of growth’. Therefore, larger meals require greater energy investment
but then provide a great return in terms of tissue accretion and growth
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Fig. 4. Smooth functions of [A] daily, [B] while feeding, [C] while digesting, [D] maximal oxygen consumptions and [E] feeding duration according to the food
ration for the 2 experimental treatments representing past and future environmental conditions, i.e. cool temperature and large particles (solid blue lines) and warm
temperature and small particles (dotted red lines), respectively. Arrows represent the mean relative increase of the oxygen consumption/feeding duration according
to the global warming (scenario 5), i.e. meal modification from large particles to small particles with increasing temperature, and summarized in top-left panel

(feeding duration is not significantly affected by temperature increase, see Results).

(Fu et al., 2005a, 2005b; Jordan and Steffensen, 2007; Norin and Clark,
2017). The fact that a doubling of ration from 0.4 % to 0.8 % only caused
a 17 % or 55 % increase in apparent SDA (based on estimated slopes), in
fish fed large items at 16 °C or small items at 21 °C, respectively, might
seem limited. This increase with doubling of ration is low compared to
other fish species (see Secor, 2009). Furthermore, the high surface area
to volume ratio of small particles should speed up digestion by pro-
moting enzymatic processes and, thereby, reduce a part of digestion
costs (discussed in Legler et al., 2010). On the other hand, a large SDA
response can indicate that lots of nutrients were assimilated, notably
amino acids for protein synthesis, with high costs of turning these into
tissues but that reflect robust growth (Fraser and Rogers, 2007; McCue,
2006; Secor, 2009). That is, a large SDA would imply good growth,
which is coherent with the fact that sardines fed on large particles
exhibited higher growth and greater condition in previous studies (see
Queiros et al., 2019).

There is another mechanism that might increase energy expenditure
during ‘digestion’ of large particles, being the costs of recovery from
rapid bursts of anaerobic swimming used for prey capture. The meta-
bolic cost of such recovery, so-called ‘excess post-exercise oxygen con-
sumption’ (EPOC) can be divided into 3 phases in fishes: rapid, plateau,
slow (Zhang et al., 2018). While the rapid phase is very short (< 1 h),
both plateau and slow phases can require several hours to return to
standard metabolism. This can be more than 10 h for salmon although
the duration is certainly species dependent (C. G. Lee et al., 2003; Li
et al., 2020; Plambech et al., 2013; Svendsen et al., 2012; Zhang et al.,

2018). Considering that we estimated energy expenditure of digestion
starting at 1.5 h after providing the meal, this would omit the rapid
phase of EPOC, although the phenomenon may have contributed to the
final phases of metabolic costs of feeding. A potential role for EPOC in
costs of feeding on large prey remains to be proven, since studies on
individual sardines are technically extremely challenging. Overall, ox-
ygen consumption due to digestion was lower for small compared to
large particles, but the magnitude of the difference was much less than
for the activity costs of feeding. Therefore, daily energy expenditure was
mostly affected by what happened during the meal. The benefit of
digesting small prey (in terms of energy expenditure for a same food
ration) remained too weak to counterbalance the increased energy to
capture shrinking plankton in the wild. Furthermore, the warm tem-
perature also significantly increased metabolic rates, leading to overall
higher energy expenditure during both meals and digestion (Clarke and
Fraser, 2004; Seebacher et al., 2015), whatever the food size or ration.
Higher energetic cost for digestion at warm temperatures has been re-
ported for tunas, another species that swims continuously (Klinger et al.,
2016) although relationships between costs of digestion and tempera-
ture are not necessarily linear (McKenzie et al., 2013; Tirsgaard et al.,
2015).

Our study applied relatively short thermal acclimation times, which
might tend to overestimate temperature effects. When natural pop-
ulations are allowed to acclimatise over generations, baseline meta-
bolism may show a much less marked effect of temperature (e.g.
Wootton et al., 2022). Such intergenerational experiments are not
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feasible for the Mediterranean sardine because their life cycle cannot be
completed in captivity. Our experimental temperatures (16 °C and
21 °C) were well within the range that sardines have experienced in the
Gulf of Lions over the last 40 years (12-24 °C; Feuilloley et al., 2020)
and our rate of temperature change was slow (< 0.5 °C/day) allowing
acclimation at an ecologically realistic pace. Furthermore, by expressing
oxygen consumption as a relative increase from MO2 baseline (the
baseline was estimated daily as the lowest 15 %-quantile rate for daily
MO2 and MO2 during digestion, and as the mean of the preceding 2.5 h
for MO2 while feeding), effects of temperature on baseline metabolism
were been taken into account in our study. Finally, although the effects
of temperature were significant, potential acclimation across a few
generations leading to similar baseline metabolism between generations
would reinforce our results on the effects of food size.

Although food size had only quite minor effects on daily energy use,
increasing it by 10 [3;22]% in fish fed on small particles at 21 °C, long-
term effects may be significant. Furthermore, sardines may feed
continuously in the wild, not only once or twice a day, which would
increase consequences of differences in energy expenditure during
feeding. In the wild, sardines face predation and pathogens that require
energy expenditure. Therefore, higher daily energy expenditure for
feeding may well impair energy balance in the wild, resulting in less
energy allocated towards survival and growth. For instance, lower
swimming performance due to low energy reserves (e.g. swimming
endurance (Martinez et al., 2003, 2004)) could isolate leaner individuals
from schools, leading to a vicious circle, with lower food foraging and
thus reinforcing lower energy reserves. Nonetheless, calorie-restricted
sardines display better phenotypic plasticity to face fasting, which im-
proves their ability to reduce their metabolic energy expenditures dur-
ing long-term fasting (Queiros et al., 2021). Further, mitochondria from
sardines fed with small particles exhibited lower basal oxidative activity
but higher efficiency of ATP production than those fed with large par-
ticles, a mechanism that should help them spare energy (Thoral et al.,
2021). Nevertheless, although sardines may display plasticity or adap-
tation that ameliorates the energetic consequences of smaller prey and
warmer temperatures, the situation of sardine populations in the Gulf of
Lions remains very concerning.

5. Conclusion

This study supports the hypothesis of bottom-up control to explain
the profound shrinking of small pelagic fish communities in the Gulf of
Lions and is a hypothesis worth exploring to explain the spread of this
phenomenon throughout the Mediterranean (Albo-Puigserver et al.,
2021; Brosset et al., 2017) to new ecosystems, and to species higher in
the food web (Bensebaini et al., 2022; Véron et al., 2020). Altogether,
the results indicate that energy balance can be a major mechanism
explaining shrinking of fish populations globally. Declines in prey size
could impact the energy balance of individuals when their energy ex-
penditures are increased by warmer temperatures, with future pro-
jections of prey resources predicting a decline of prey biomass and
quality.
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Abstract

Global warming has been implicated in widespread demographic changes in Atlantic
salmon Salmo salar populations, but projections of life-history responses to future climate
change are lacking. Here, we first exploit multiple decades of climate and biological data
from the Burrishoole catchment in the west of Ireland to model statistical relationships
between atmospheric variables, water temperature, and freshwater growth of juvenile
Atlantic salmon. We then use this information to project potential changes in juvenile
growth and life-history scheduling under three shared socioeconomic pathway and rep-
resentative concentration pathway scenarios from 1961 to 2100, based on an ensemble
of five climate models. Historical water temperatures were well predicted with a recur-
rent neural network, using observation-based atmospheric forcing data. Length-at-age
was in turn also well predicted by cumulative growing degree days calculated from these
water temperatures. Most juveniles in the Burrishoole population migrated to sea as 2-
year-old smolts, but our future projections indicate that the system should start produc-
ing a greater proportion of 1-year-old smolts, as increasingly more juveniles cross a size-
based threshold in their first summer for smoltification the following spring. Those failing
to cross the size-based threshold will instead become 2-year-old smolts, but at a larger
length relative to 2-year-old smolts observed currently, owing to greater overall freshwa-
ter growth opportunity. These changes in age- and size-at-seaward migration could have
cascading effects on age- and size-at-maturity and reproductive output. Consequently,
the seemingly small changes that our results demonstrate have the potential to cause
significant shifts in population dynamics over the full life cycle. This workflow is highly
applicable across the range of the Atlantic salmon, as well as to other anadromous spe-
cies, as it uses openly accessible climate data and a length-at-age model with minimal
input requirements, fostering improved general understanding of phenotypic and demo-

graphic responses to climate change and management implications.
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1 | INTRODUCTION

The Earth's climate is warming (IPCC, 2022), leading to changes in
near-surface air temperature, humidity, air pressure, wind, and pre-
cipitation, which in turn influences ecosystems across multiple levels
(i.e., individual, population, and community) (Woodward et al., 2010).
Species may respond to changes in their environment by phenotypic
plasticity, evolutionary adaptation, or migration (Sears & Angil-
letta, 2011). However, changes are happening at an unprecedented
rate, and many species may be unable to adapt quickly enough to
avoid population decline and possible extinction (Radchuk
et al., 2019; Reed, Schindler, & Waples, 2011). This is particularly the
case for species that undertake seasonal migrations, as successful
migration relies on fine-tuned responses to environmental cues (Cro-
zier et al., 2008). The adaptation of migratory individuals to their sur-
roundings manifests in their life-history traits such as growth
pattern, age- and size-at-migration, and reproduction timing. Juvenile
Atlantic salmon Salmo salar L. 1758 typically spend 1-5 years in
fresh water before undergoing the physiological smoltification pro-
cess and migrating to sea as smolts. They then spend between one
and three winters at sea, before completing the life cycle by return-
ing to spawn. A decrease in the age-at-smoltification with increasing
temperatures has already been observed in some populations (Rus-
sell et al., 2012; Thorstad et al., 2021). Widespread recent declines in
Atlantic salmon stocks appear to be driven predominantly by
declines in marine survival, possibly related to climate change
(ICES, 2022). Climate-driven impacts in fresh water can also directly
affect population dynamics via reductions in smolt numbers, or indi-
rectly via carry-over effects on marine survival and growth, and the
number of years spent at sea (Mobley et al., 2021). It is, therefore,
crucial to quantify and understand how juvenile Atlantic salmon will
respond to climate change across their native range in the coming
decades.

The Atlantic salmon is native to river systems draining into the
North Atlantic Ocean, the Baltic Sea, and the Barents Sea (Klemetsen
et al., 2003; MacCrimmon & Gots, 1979; Thorstad et al., 2011, 2021).
Atlantic salmon that occur in linked river and ocean systems are
within their physiological requirements for temperature (see Bennett
et al., 2021). Lower and upper thermal limits are O and 27°C, respec-
tively, for juvenile life stages (Elliott, 1991; Elliott & Elliott, 2010; Jen-
sen et al, 1991; Thorstad et al., 2021), with growth occurring
between 7 and 23°C with an optimum of 15.9°C (Elliott & Hur-
ley, 1997). The effects of climate change are expected to be most
prominent for the populations at or close to the edges of the distribu-
tion range (Thorstad et al., 2021), with the southernmost populations
disappearing, and the northernmost populations experiencing signifi-
cant changes in life-history and, consequently, population dynamics.

Physiological processes in ectotherms are dependent on ambient
temperatures (Atkinson, 1994; Hazel & Prosser, 1974; Van Der
Have & De Jong, 1996), but the precise relationship between temper-
ature and growth in ectotherms is uncertain (Sears & Angilletta, 2011).
Cumulative growing degree days (CGDD) is the accumulation of ambi-

ent temperatures over time relevant for growth and development in

ectotherms, and this metric of physiological time is widely applied in
agronomy and entomology (Neuheimer & Taggart, 2007). The use of
CGDD in fish ecology is increasing, and several studies show strong
linear correlations between CGDD and growth in immature fish (Che-
zik et al., 2014; Neuheimer & Taggart, 2007; Venturelli et al., 2010).
Growth in juvenile Atlantic salmon is controlled by both intrinsic and
extrinsic factors. Temperature and photoperiod are key determinants
of both internal (e.g., physiological processes) and external (e.g.,
resource availability) processes, varying substantially across seasons.
Because CGDD integrates time and temperature, the method offers
good possibilities for investigating the effects of climate change on
growth, and subsequent changes in life history of juvenile Atlantic
salmon.

Recent reviews of climate change effects on Atlantic salmon
suggest that changes in water temperature and hydrology will cause
significant shifts in life-history traits such as growth and age- and size-
at-smoltification with cascading effects on age- and size-at-maturity,
pace of life and ultimately reproductive output (Jonsson & Jons-
son, 2009; Thorstad et al., 2021). Consequently, seemingly small
changes in the life history of juvenile Atlantic salmon may cause sig-
nificant changes in population dynamics. Moving from qualitative
explorations to quantitative projections can be supported by the
development and validation of models that can then be driven by
future climate projections.

Quantitative approaches have been developed to investigate cli-
mate change impacts on Atlantic salmon. For example, Hedger et al.
(2013), Piou and Prévost (2012) and Sundt-Hansen et al. (2018) have
used individual-based models to quantify individual and population-
level responses to changes in climate. However, these studies build
on large amounts of observational data (e.g., discharges, fish density
estimates, genetics), to calibrate and parameterize the models to spe-
cific populations. The data requirements of these approaches make
them difficult to apply to broad spatial scales such that they are appli-
cable to populations across the distribution range of the species. We
sought to design a model workflow quantifying the impact of global
warming on a key life-history trait in the Atlantic salmon, which would
be applicable across the distribution range for both data-poor and
data-rich populations. The Intersectoral Impact Model Intercompari-
son Project (ISIMIP) offers a framework for consistently projecting the
impacts of climate change across affected sectors and spatial scales
(Frieler et al., 2017), which is well suited to the Atlantic salmon as it
inhabits a wide geographic area and several distinct habitats (e.
g., freshwater, coastal, and marine).

The overarching aim of this study is to develop a modeling work-
flow that ties atmospheric climate data to the key life-history traits
size- and age-at-smoltification via freshwater growth. Specifically, we
(1) statistically model a relationship between atmospheric data ISIMIP
phase 3a and in-situ water temperature using a neural network
approach; (2) establish a statistical relationship between length-at-age
and CGDD using a generalized linear model; (3) couple the water tem-
perature model with the length-at-age model, and future climate pro-
jections from ISIMIP phase 3b; and (4) analyse the life-history

response using a calibrated reaction norm for smoltification.
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2 | MATERIALS AND METHODS

21 | Studysite

The Burrishoole catchment (53°56’ N, 9°35’ W) is situated in the west
of Ireland. The catchment is ~100km? in size and consists of lakes
and streams draining into the northeast Atlantic Ocean through Clew
Bay (Figure 1). Due to the temperate oceanic climate, air temperatures
historically rarely exceed 20°C, and the minimum water temperature
is typically between 2 and 4°C (de Eyto et al., 2022).

Monitoring of diadromous fish in the Burrishoole catchment
began in the late 1950s. Complete monitoring of migrating diadromous
fish has been in place since 1970, with sea-entry traps on the Mill Race
and Salmon Leap (Figure 1). Atlantic salmon in the Burrishoole catch-
ment migrate as 1- to 3-year-old smolts from March to June, with
more than 90% migrating as 2-year-olds (Piggins & Mills, 1985). The
annual number of smolts declined from ~16,000 in the 1970s to
around 5500 in the mid-to-late 2010s (Marine Institute, 2020).

2.2 | Model workflow

To investigate the effects of climate change on juvenile Atlantic
salmon in the Burrishoole, a multistep workflow was developed using
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FIGURE 1 Location of electrofishing sites (green circles) and fish

traps (red circles) in the Burrishoole catchment, Co. Mayo, Ireland.

Python (Van Rossum & Drake, 2010). The multistep workflow consists

of four main steps: (1) statistical modeling of water temperatures from
atmospheric data; (2) statistical modeling of length-at-age from CGDD
calculated from modeled water temperature; (3) coupling of the water
temperature model, the length-at-age model, and future climate pro-
jections; and (4) analysis of life-history response (Figure 2). Multiple
substeps to the workflow are only briefly described, but more detailed
descriptions are found in the supplementary material S1a, S1b, S2, S3,
S4 and S5.

This study uses climate data from the ISIMIP as it provides a
framework to assess the effects of climate change by offering openly
accessible historical and current data, and future climate projections
(Frieler et al., 2017). The ISIMIP consists of several phases: phase 3a
provides climate reanalysis data from the historical to contemporary
climate, and phase 3b provides historical, current, and three future
climate scenarios based on the combination of three shared socioeco-
nomic pathways and representative concentration pathways (i.e., SSP-
RCPs) (https://www.isimip.org/). In short, the three SSP-RCP
scenarios denote the socioeconomic trends in combination with the
level of greenhouse gas (GHG) emissions, with SSP1-RCP2.6 being a
low emission scenario, SSP3-RCP7.0 a medium to high emission sce-
nario, and SSP5-RCP8.5 a high emission scenario (see Meinshausen
et al, 2011; Riahi et al., 2017). The ISIMIP phase 3a and 3b
data applied in this study have a daily temporal and
0.5°latitude x longitude spatial resolution and comprise near-surface
air temperature (°C), near-surface wind speed (ms™1), precipitation
(kgm~2s~1), snowfall flux (kgm=2s~1), surface downwelling shortwave
radiation (W m~2), surface downwelling longwave radiation (W m~2),
near-surface specific humidity (unitless), and near-surface relative
humidity (%).

221 | Step 1: Water temperature model

To establish a link between atmospheric conditions and water tem-
peratures, daily average in-situ water temperatures (1961-2019) from
the Burrishoole catchment were obtained from the Marine Institute
Ireland (Marine Institute Ireland, doi: 10/cvft), measured in the Mill
Race (Figure 1). Historical to concurrent climate reanalysis data (i.e.,
GSWP3-W5ES5 observation-based, climate-related forcing data) were
obtained from ISIMIP phase 3a (1961-2019). To retain as much data
as possible, missing values in the Mill Race time series were linearly
interpolated if the consecutive number of missing values was less
than 30 days. If the number of consecutive missing values was more
than 30 days, the entire year was removed from the time series.
The years 1965, 1967, 1974, 1991, 2012, 2013, and 2017 were
excluded due to extended periods of missing data, and 1990 and
2005 were removed due to calibration and sensor issues (E. de Eyto,
pers. comm.).

The in-situ water temperature and modeled atmospheric data
were merged, centered, and scaled according to quantile range scaling
using RobustScaler from the scikit-learn module (Pedregosa
et al., 2011). Information on seasonality was encoded using sine and
cosine transformations of the day of year, which results in equal
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FIGURE 2 The four-step model workflow for quantitatively estimating length-at-age and life history of juvenile Atlantic salmon in response
to climate change. Step 1 describes the collation of necessary data and construction of the water temperature model. Step 2 details the data
preparation and construction of the length-at-age model for juvenile Atlantic salmon. Step 3 shows the coupling of the ISIMIP phase 3B
projections to the water temperature model, and the subsequent coupling with the length-at-age model. Step 4 shows the post-processing of
length-at-age projections to estimate smoltification probability and proportion of 1-, 2- and 3-year-old smolts. Shapes are according to ISO 5807

standard.
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spacing between every date (e.g., day 365 is as close to day 1 as day
1 is to day 2). The merged dataset was then split into a training
(1961-1994) subset and a validation (1995-2019) subset. A long
short-term memory neural network (i.e., LSTM) was selected based on
fidelity of multiple approaches measured by mean absolute error (i.
e., MAE) and mean root squared error (i.e., RMSE) (see supplementary
material S1a).

The LSTM neural network allows for modeling of nonlinear rela-
tionships and was constructed of a masking layer, an LSTM layer with
16 nodes and a tanh activation function, a dropout layer with a drop-
out rate of 0.2 to prevent overfitting, and a dense layer with a single
node using a linear activation function. Additionally, a call-back func-
tion based on the validation RMSE and patience of 10 epochs was
specified to prevent overfitting (see supplementary material S1b). The
LSTM neural network was set up using the TensorFlow and Keras
modules (Abadi et al., 2016; Chollet, 2013).

222 | Step 2: Length-at-age model

To assess the effect of water temperature on juvenile Atlantic salmon,
fish length data from three sources within the Burrishoole catchment
were obtained (Figure 1). First, annual catchment-wide electrofishing
surveys are carried out every year between July and October at
approximately 40 sites distributed across the catchment. Body lengths
of 30,912 wild juvenile Atlantic salmon belonging to 20 cohorts from
these surveys were extracted from 2000 to 2019. Second, high-reso-
lution monitoring is carried out in the Srahrevagh River using a fish
trap to capture all life-history stages from swim-up fry to sea-migrat-
ing smolts (McGinnity et al., 1997). These records include measured
body lengths of 2999 wild juvenile Atlantic salmon belonging to nine
cohorts sampled between 1998 and 2017. Finally, a subsample of
migrating smolts that is killed for biometric sampling each year at the
Mill Race and Salmon Leap Traps, and body lengths from 3366 Atlan-
tic salmon smolts belonging to 20 cohorts sampled between 2000 and
2019 were included. In total, information on 37,277 individual fish
was collated, but after the removal of outliers and observations with
missing values, the number of fish in the analysis was reduced to
37,258 juvenile Atlantic salmon. A further reduction to the sample
number was undertaken due to missing water temperature data for
years after 2019, and so the final number of fish in the analysis was
brought down to 35,719. In all cases, body length is expressed as the
fork length.

After amalgamation of fish body length data, age classification
was performed based on body length and time of capture using a
Gaussian mixture model (with the expectation-maximization algo-
rithm) from the scikit-learn module (Pedregosa et al., 2011). A sliding
window technique was used to subdivide the year into shorter time
periods accounting for growth. Backcalculation of age in days for each
fish was done using a 2-year smolt trajectory and a fixed date for egg
deposition in the riverbed substrate, allowing for alignment of cohorts
consistent with Gregorian calendar years. The fixed egg deposition

was set as the date of winter solstice (i.e., 21st of December), which

s FISHBIOLOGY |

falls well within the spawning window of adult Atlantic salmon in the
Burrishoole (see supplementary material S2).

The CGDD for each cohort was calculated from the date of fixed
egg deposition and for the entire freshwater residency using

Equation (1),

n
CGDD=) T¢—Ty, 1)
i=1

where T4 is the daily mean water temperature obtained from the
LSTM neural network predictions using climate reanalysis data, and Ty,
is the lower threshold temperature for growth (i.e., baseline tempera-
ture). Based on repeated iterations of an ordinary least squares (OLS)
model with varying baseline temperatures, T, was set to 0°C based
on the highest coefficient of determination and lowest AIC (see sup-
plementary material S3).

Multiple length-at-age models were then parameterized linking
body length (mm) to CGDD (°C-day) using the Statsmodels module
(Seabold & Perktold, 2010). Based on model fidelity, a generalized lin-
ear model using the gamma distribution and natural logarithmic link
function was selected (see supplementary material S4). The 95% pre-
diction interval for the model was obtained by normal approximation
of the sampling distribution of the coefficients with 50,000 random

draws.

223 | Step 3: Coupling of models and projection
To generate future projections of water temperatures for the Mill
Race, atmospheric data produced by five general circulation models
(i.e., GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0,
and UKESM1-0-LL) for the SSP-RCP 1-2.6, 3-7.0, and 5-8.5 climate
scenarios (2020-2100) were obtained from ISIMIP phase 3b for the
0.5°latitude x longitude grid cell overlying the Burrishoole catchment.
These data were used to simulate future water temperatures by
forcing the LSTM neural network derived in Step 1, and the ensemble
mean was calculated and used to determine the number of CGDD
experienced and body length achieved for every cohort from 2021 to

2098 using the length-at-age model derived in Step 2.

224 | Step 4: Analysis of life-history response

To investigate the response of juvenile Atlantic salmon to climate
change, the body length distribution was simulated for a total of
10,000 fish per cohort using a normal approximation of the sample
distribution of the coefficient (i.e., the prediction interval) at three key
time points via the length CGDD model: (1) first decision window for
smoltification; (2) time of seaward migration for 1-year-old smolts;
and (3) time of seaward migration for 2-year-old smolts. We further
assume no early maturation of male parr due to no available records.
The probability for smoltification as a 1-year-old was calculated using

Equation (2):
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P(will smolt next spring)

=1 — P(will not smolt next spring)
=1 (e52321-0862:FL)

where FL is body length expressed as fork length (adapted from Met-
calfe, 1998 [p. 99, Table 1]), and iteratively calibrated to the smolt run
of 1983 reported in Piggins and Mills (1985). Using Poisson sampling
(i.e., independent Bernoulli trials) and a uniform probability distribu-
tion, each fish was assigned to one of two alternative categories: “will
smolt as a 1-year-old” (success) or “will not smolt as a 1-year-
old” (failure). Subsequently, for fish in the “will not smolt as a 1-year-
old” category the probability of being a smolt as a 2-year-old was
calculated using Equation (3):

P(immature fish is now smolt) = 0-0823+FL-8.774,

(3)
where FL is body length expressed as fork length and iteratively calibrated
to the smolt run of 1983 reported in Piggins and Mills (1985). Again, using

TABLE 1 Ordinary least squares regression of annual average
water temperature as a function of year for observed and modeled
water temperature in the Mill Race (Burrishoole Catchment, Co.
Mayo, Ireland).

Observed average water
temperature (°Cyear—1)

Modeled average water
temperature (°Cyear—1)

Intercept ~ —35.250*** (8.633) —23.940*** (6.316)
Year 0.023 *** (0.004) 0.017*** (0.003)
R? 0.368 0.344

R? adj. 0.355 0.333

N (DF) 50 (48) 58 (56)

Note: Water temperature was modeled using a long short-term memory
neural network. Standard error in parentheses. *p < 0.1;

**p < 0.05; ***p < 0.01.

Abbreviation: DF, degrees of freedom.

10

Poisson sampling and a uniform probability distribution, non-smolts were
assigned to the either of two categories: “are now 2-year-old smolts”
(success) or “will not smolt as a 2-year-old” (failure). The remaining fish
that did not smolt as 1- or 2-year-olds were then considered to be 3-
year-old smolts (more detail is contained in supplementary material S5).
The impact of climate change on smolt age composition was then
calculated for each cohort, and the underlying trend was quantified
using OLS regression. Lastly, the length distribution of 1-year- and 2-
year-old smolts was visualized over time using the JoyPy module.

2.3 | Ethics statement

Ethical review and approval was not required for this study because
the data used in this article were collected by the Irish Marine Insti-
tute for stock assessment purposes and therefore does not fall under
the EU and Irish directives on animal welfare (2010/63/EU, S| No
543 of 2012). The sampling infrastructure (fish traps) operates under
(Fisheries Acts 1959-2003)

Agriculture, Food and Marine and by permission of the Minister of

license from the Department of

Agriculture, Food and Marine.

3 | RESULTS
3.1 | Historic to contemporary
3.1.1 | LSTM neural network

Comparison of in-situ and statistically modeled water temperature in
the Mill Race showed close agreement for the training period (1961-
1994) with an RMSE =0.654°C and MAE =0.488°C, and the valida-
(1995-2019) RMSE =0.844°C
MAE =0.633°C (Figure 3). Due to the model setup, the year 1961 is

tion period with an and
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FIGURE 3 The residual error between observed and predicted water temperature (top panel), and the in-situ water temperature (black line)
and long short-term memory neural network water temperature prediction (red crosses) for the training (1961-1994) and validation (1995-2019)
dataset in the Mill Race (bottom panel). Years excluded due to accumulation of internal sate (green), prolonged periods of missing data (blue
shaded), and measurement error (red shaded) are shown in the top panel, and the delineation of the training and validation period is shown by the
vertical dashed line in both panels.
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TABLE 2 Summary statistics
. X K . Age class Count
describing the length of juvenile Atlantic
salmon, measured in the Burrishoole Y 22,048
catchment, Co. Mayo, Ireland. 1 9021
2 1284
Smolt 3366

Mean S.D. Min 25% 50% 75% Max
55.4 7.6 21 50 55 60 77

98.7 14.7 48 89 98 108 164
120.1 13.9 80 110 120 130 166
138.4 14.7 101 128 137 147 214

Note: Age-classes were determined using Gaussian mixture model classification.

omitted from the time series. The high fidelity of the LSTM neural net-
work when driven by the 0.5°latitude x longitude ISIMIP phase 3a
obsclim data was considered sufficient for the projection of water
temperatures in the Mill Race.

From the historic to the contemporary period (1961-2019), a sig-
nificant warming was found for the Mill Race. When quantified using
the observed and modeled time series, the long-term increase in
water temperature was ~0.023 and ~0.017°Cyear~!, respectively
(Table 1).

3.1.2 | Length-at-age

The juvenile Atlantic salmon observations from the historical and con-
temporary periods (1996-2019) were a mix of age classes, as deter-
mined by a Gaussian mixture model classification (Table 2). The
relationship between body length (mm) of these fish and CGDD was
positive and statistically significant using 35,719 observations belong-
ing to 23 cohorts (Kendall rank correlation coefficient; r, =0.61,p <
0.001). A general linear model (GLM) with a gamma family, log link,
and Newey-West HAC estimator found body length to increase by
approximately 0.0146+0.0002% (p <0.001) degreeday~! (GLM: g,
=1.46%10"*+£0.02+107%,$, = 3.6463+0.010,R% = 0.99,p < 0.001;
Figure 4).

3.2 | Future projections

3.2.1 | Water temperatures in the Mill Race

Future projections derived by coupling of the LSTM neural network
and atmospheric data from the ISIMIP phase 3b climate forcing
ensemble revealed warming of water temperatures in the Mill Race
across the 80-year period (2020-2100) under two of the three SSP-
RCP-scenarios (Figure 5). There was no significant linear long-term
trend in water temperature for SSP1-RCP 2.6 (p>0.05), whereas
SSP3-RCP 7.0 increased by ~0.02°Cyear~! (p>0.01) and SSP5-RCP
8.5 increased by ~0.03°Cyear—! (p>0.01) (OLS: Rgdj =0.89).

3.2.2 | Life-history response

When the length-at-age model is driven by the LSTM water tempera-
ture projections to simulate (1) length-at-smoltification decision;
(2) length-at-smoltification as 1-year-old smolts; and (3) length-at-
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FIGURE 4 Generalized linear model of body length (mm) as a
function of cumulative growing degree days (CGDD, °C day) for the
23 observed cohorts of juvenile Atlantic salmon in the Burrishoole
watershed. The solid line represents the mean length, and the gray
bands represent the 95% prediction interval. The outer lines represent
the sample density.

smoltification as 2-year-old smolts, the response to temperature
change, in terms of growth gain, differs between the three key
moments of freshwater residency (Figure 6; Table 3).

The different response to temperature changes between the key
life-history events results in diverging trends in the proportion of
Atlantic salmon that chose to smolt as 1-year-olds between SSP1-
RCP2.6 (f=—0.0002cohort™,p<0.01), SSP3-RCP7.0 (f=0.0011
cohort1,p<0.01) and SSP5-RCP8.5 (=0.0017 cohort=1,p<0.01),
when quantified using OLS regression (R? =0.830,F(5,228) =
222.4,p<0.01; Figure 7).

Using OLS regression (R? =0.825,F(5,228) =220.1,p<0.01) to
estimate the effects of changing smolt age proportion on population
average age-at-smoltification (Figure 8), barring the effect of mortal-
ity, age-at-smoltification had an initial decrease before tending toward
current age-at-smoltification under SSP1-RCP2.6 (5= —0.0002,p <
0.01), but decreased under SSP3-RCP7.0 (3=-0.0011,p<0.01) and
SSP-RCP8.5 (= —0.0017,p < 0.01).
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FIGURE 5

Ensemble average daily water temperature by day of year for the future projections under the three shared socioeconomic

pathways and representative concentration pathways (SSP1-RCP2.6 left, SSP5-RCP7.0 middle, and SSP5-RCP8.5 right). Each line represents the
day of year average temperature for the climate forcing ensemble with colors transitioning from blue to red toward the end of the century
(starting with 2020 and ending with 2100). The lower dashed line represents the lower growth threshold temperature of 7°C, and the upper
dashed line represents the upper growth threshold temperature for 23°C (Elliott & Hurley, 1997).

4 | DISCUSSION

This study provides a data-efficient approach to simulating length-at-
age in ectotherms under historical, contemporary, and future climates
using the ISIMIP framework. The potential of the approach is demon-
strated by elucidating life-history responses of the migratory, cold-
water-evolved Atlantic salmon under historical, contemporary, and
three future climate warming scenarios.

As has been previously reported, growth in ectotherms follows
thermal clines, with higher temperatures causing faster growth and
earlier maturation (Angilletta et al., 2004). For the Atlantic salmon, this
is ascribed to the combination of temperature and photoperiod (Met-
calfe & Thorpe, 1990; Power, 1981, 1986). This study shows that
water temperatures in the geographic area encompassing the Bur-
rishoole catchment will shift closer to the optimal growth temperature
of ~16°C for Atlantic salmon parr proposed by Elliott and Hurley
(1997) under SSP3-RCP7.0 and SSP5-RCP8.5, whereas SSP1-RCP2.6
appears to remain close to contemporary conditions. Moreover, with
respect to the two most severe warming scenarios, it shows a length-
ening of the growth season by temperature (i.e., the period of time
within which temperatures of 7 to 23°C are experienced) is expected,
which effectively translates into an increase in growth potential for
juvenile Atlantic salmon in the Burrishoole River system over the
century.

An increase in growth potential will, if realized, cause increased
growth rates, which is here shown as an increase in the length-at-age
for juvenile Atlantic salmon in the Burrishoole. This finding is in line
with Hedger et al. (2013), Piou and Prévost (2012), Sundt-Hansen
et al. (2018), all showing faster growth during freshwater residency.
For Atlantic salmon, growth rate will cause changes in life-history
traits age- and size-at-smoltification, which will have carry-over
effects on marine survival, age- and size-at-reproduction, and repro-
ductive investment (Gregory et al., 2019; Jonsson & Jonsson, 2007;
Mobley et al., 2020).

In Atlantic salmon, the decision to smoltify is made in late summer
the year prior to spring migration and is based on energetic status and

growth rate at that time and the likelihood of reaching a threshold
length at the time of migration (Metcalfe, 1998; Thorpe et al., 1998).
Our results show that the increase in growth rate caused by tempera-
ture will lead to an increase in the proportion of juveniles that satisfy
the conditions for smoltification as 1-year-olds and a reduction in the
proportion of juveniles that require 3 years to satisfy these conditions.
In accordance with the findings of Russell et al. (2012), Piou & Pré-
vost, 2012, Hedger et al., 2013, and Sundt-Hansen et al., 2018, we
find a decrease in the age-at-smoltification measured at the popula-
tion level in response to the temperature increase under SSP3-
RCP7.0 and SSP5-RCP8.5, but for SSP1-RCP 2.6 the reversal of the
GHG concentrations causes the initial decrease in age-at-smoltifica-
tion, which is gradually reversed over the century.

Sundt-Hansen et al. (2018) associated this reduction in freshwa-
ter residency (implicit from a decrease in age-at-smoltification) with a
shortening of the period subject to density-dependent mortality,
which would result in an increased smolt abundance. However, ambi-
ent temperatures regulate metabolism, and thus resource require-
ments, and may potentially strengthen density-dependent mortality
even if the period in which the density-dependent mortality occurs is
shortened. Further, a decrease in age-at-smoltification is likely to
entail a reduction in size-at-smoltification due to the migration win-
dow usually occurring once every year. Accordingly, when increasing
temperatures push a growth rate previously resulting in a 2-year-
smoltification trajectory into a 1-year-smoltification trajectory, it
results in the loss of an entire year of freshwater growth. Conse-
quently, the faster growth trajectories with a marginal improvement in
growth will likely not compensate for this loss of freshwater growth.
There will, however, be an increase in length-at-smoltification within
smolt age groups as the total growth potential between migration
windows increases.

The consequence of a reduction in age- and size-at-smoltification
on population vital rates is unclear. Gregory et al. (2019) showed that
marine survival, measured from time of smoltification to return as one
sea-winter spawner, is positively correlated with body size at the time
of smoltification, whereas Jonsson and Jonsson (2007) and Mobley
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FIGURE 6 Projected change between 1960 and 2100 in length-at-smoltification decision (a, b, and c), length-at-smoltification as 1-year-olds
(d, e, and f), and length-at-smoltification as 2-year-olds (g, h, and i) under the three shared socioeconomic pathways and representative
concentration pathways: SSP1-RCP2.6 (green), SSP3-RCP7.0 (orange), and SSP5-RCP8.5 (red) for juvenile Atlantic salmon in the Burrishoole. The
gray-shaded area represents the historical reference (2000 to 2020), and the red vertical line represents the historical average.

et al. (2020) showed that females migrating at a younger age had a
higher propensity to return as multi sea-winter aged spawners (MSW).
Jonsson and Jonsson (2007) attributed this increased propensity to
return as MSW to an increased growth rate over the first sea-winter,
but they also pointed out that the relationship between early marine
growth and sea age is likely to be population-specific and might even
vary in sign across regions. How this will play out when growth rates
increase because of climate change is difficult to predict, as these

younger migrants are likely to reach greater body size and therefore
lower relative growth rates. If the consequences of temperature
increases follow the temperature-size rule and the intraspecific formu-
lation of Bergmann's rule (Angilletta et al., 2004; Ashton, 2004; Black-
burn et al., 1999), then a decrease in body size of adult spawners in
the Burrishoole is to be expected. Smaller body size in Atlantic
salmon, and fish in general, typically corresponds to a disproportional
decrease in reproductive output (Barneche et al., 2018). Further, the
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TABLE 3 Ordinary least squares regression of change in length (mm) scaled to the 2000-2020 historical reference length at (1) length-
at-smoltification decision, (2) length-at-smoltification (1-year-olds), and (3) length-at-smoltification (2-year-olds) under SSP1-RCP2.6,
SSP3-RCP7.0, and SSP5-RCP8.5 for juvenile Atlantic salmon in the Burrishoole catchment, Co. Mayo, Ireland.

Length at decision Length at smoltification (1-year-old) Length at smoltification (2-year-old)
SSP1-RCP2.6 65.21*** (4.47) 7.75*** (8.85) —211.12*** (21.76)
SSP3-RCP7.0 —72.66**(6.32) —125.21*** (12.52) —283.04*** (30.77)
SSP5-RCP8.5 —107.62*** (6.32) —184.17*** (12.52) —411.82*** (30.77)
Cohort * SSP1-RCP2.6 —0.01*** (0.00) 0.03*** (0.00) 0.17***(0.01)
Cohort * SSP3-RCP7.0 0.04*** (0.00) 0.06*** (0.01) 0.14*** (0.01)
Cohort * SSP5-RCP8.5 0.05*** (0.00) 0.09*** (0.01) 0.20*** (0.01)
R? 0.82 0.88 0.92
R? adj. 0.82 0.88 0.92
N (DF) 234 (228) 234 (228) 234 (228)

Note: Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.
Abbreviation: SSP-RCPs, shared socioeconomic pathways and representative concentration pathways.
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FIGURE 7 Model prediction of the proportion of juvenile Atlantic salmon choosing to smolt as 1-year-olds (full saturation, black = historical,
green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5), 2-year-olds (medium saturation, black = historical,

green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5), and 3-year-olds (low saturation, black = historical,

green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5). The red line is the point of reaction norm calibration to Piggins and
Mills (1985).

disappearance of 3-year-old smolts is also a direct loss of life-history On the basis of the differing impacts projected under SSP1-
diversity, which could then be associated with reductions in popula- RCP2.6, SSP3-RCP7.0, and SSP5-RCP8.5, it is evident that anthropo-
tion stability (Greene et al., 2010; Schindler et al., 2010). genic influence on climate will have major implications for the future
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of Atlantic salmon in the Burrishoole. It is possible given the most
optimistic response, as described in SSP1-RCP2.6, that climate change
impacts on Atlantic salmon may be reversed by the end of the cen-
tury. In stark contrast, gradually increasing impacts to the Atlantic
salmon in the Burrishoole are projected under the SSP3-RCP7.0 and
SSP5-RCP8.5 scenarios, potentially leading to reduced marine sur-
vival, reduced size- and age-at-reproduction, and reduced reproduc-
tive output. However, the prospects under SSP3-RCP7.0 are better
than those for SSP5-RCP8.5 as the population is given a better oppor-
tunity to adapt to climate change (see Reed, Schindler, Hague,
et al.,, 2011).

In this study, we demonstrated the ability of an LSTM neural net-
work to accurately estimate water temperature from the atmospheric
data available from ISIMIP phase 3a. The high accuracy of the neural
network on validation data indicates that it is useful for hindcasting
and forecasting water temperature in near, mid, and potentially dis-
tant time. Therefore, the method is a promising approach to studying
effects on climate change on juvenile Atlantic salmon when data avail-
ability for systems is poor. However, the LSTM neural network does
seem to struggle with extreme temperatures. This could be due to the
lack of discharge data, although the issue appears to be common for
machine learning models and may be a limitation of the approach (see
Feigl et al., 2021). Nevertheless, in line with the findings of Feigl et al.
(2021), we found that recurrent neural networks performed better
than other machine learning and traditional regression approaches
relevant (i.e., temperature-

when long-term dependencies are

buffering of an upstream lake relative to the temperature monitoring
station; see supplementary material S1a).

The study shows that the CGDD, when calculated from water
temperature, is an excellent general predictor of length-at-age in juve-
nile Atlantic salmon. However, several discontinuities in the relation-
ship occur between size-at-age and CGDD at points in time that
correspond to life-history stage transitions, notably alevin (i.e., endog-
enous energy source via the yolk sac) to fry, and potentially parr to
smolt (Neuheimer & Taggart, 2007). These discontinuities may entail
the need for a more complex model, or combination of several
models, when quantifying the relationship between CGDD and
length-at-age over the span of several life stages. Nevertheless, in this
case, the use of a GLM with a gamma distribution and log-link suc-
cessfully captured the growth trajectory of the juvenile Atlantic
salmon in the Burrishoole catchment. However, we are aware that the
underlying mechanisms for life-stage transition are dependent on
genetics and growth, which again depends on temperature, photope-
riod, productivity, and fish density, and that these interactions may
become difficult to predict in future climates.

The first observed discontinuity in the length-at-age CGDD rela-
tionship occurred during the alevin-fry life-stage transition (i.e., fish
< 38 mm). The transition between alevin and fry life-stage requires
energy allocation into development of physical structures required for
the ingestion and digestion of exogenous food (Skoglund et al., 2011).
The transition is also characterized by a shift in behavior from pas-

sively hiding in the interstitial spaces of riverbed substrates to actively
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foraging (Einum & Fleming, 2004). This shift from endogenous to
exogenous nutrition also involves the start of intraspecific competi-
tion and territory establishment, after a period of higher densities sus-
tained by the use of resources acquired by parental fish in the marine
environment. Therefore, it is reasonable to assume that the relation-
ship between length-at-age and CGDD may deviate from that found
for other life stages. A potential second discontinuity in the relation-
ship between length-at-age and CGDD occurs during the parr-smolt
life-stage transition (i.e., apparent from fish > 90 mm) due to the smol-
tification process. According to Kadri et al. (1996), Kristinsson et al.
(1985), Metcalfe (1998), Saunders et al. (1994), and Skilbrei (1988),
growth of juvenile Atlantic salmon accelerates when the life-history
decision has been made.

The length-at-age CGDD relationship relies on the fact that
growth is near-linear in the mid-range of temperatures (Neuheimer &
Taggart, 2007). However, like other statistical methods, it does not
have any track record under the extreme changes in water tempera-
ture that we may experience in the future. This study assumes that
the growth response to temperature is close to a bell-shaped curve,
and although our projected water temperatures do not exceed the
maximum growth temperature, it may still be a shortcoming of the
model. Nevertheless, it is possible that the current relationship
between length-at-age and CGDD breaks down given larger shifts
than observed over the validation period.

This study is limited by our desire for a data-efficient, geographi-
cally transferrable, approach using only abiotic and biotic variables
available for a large proportion of Atlantic salmon populations across
the native range. As datasets become available for modeling other
aspects of climate change impacts on juvenile Atlantic salmon, these
may be added to this workflow. We are aware that this limits the abil-
ity to accurately capture important underlying processes (e.g., evolu-
tionary responses), which determine the overall response of juvenile
Atlantic salmon in a climate change context. Although this paper
focuses on the plastic response of juvenile Atlantic salmon to warming
temperatures, potential evolutionary responses may add further com-
plexity. For example, Debes et al. (2020) showed that there is a herita-
ble genetic component to growth potential that contributes to
determining the smoltification reaction norm across different temper-
atures and productivity regimes (feeding rates). Evolution and plastic-
ity may, therefore, act either in the same direction or in opposite
directions, regarding age-at-smoltification depending on whether
higher or lower growth potential is selected at higher temperatures.
Further work is needed to evaluate these alternatives.

One other aspect that is worth considering is the probability of
an individual smolting in the following spring. It has been proposed
that this decision is made in late July (Metcalfe, 1998; Metcalfe &
Thorpe, 1992) and depends on an individual's phenotypic size and an
assessment of its energetic status. Furthermore, Debes et al. (2020)
suggest that there is also a genetic component to this decision. Those
individuals that postpone smoltification, as an adaptive response to
the expected local winter conditions, in the following spring are

observed to downregulate metabolism, suspend feeding, and adopt an

anorexic state despite adequate food availability (Metcalfe &
Thorpe, 1992). Given that there will likely be changes to winter ther-
mal regimes (i.e., warmer winters) in the future, it might be assumed
that this contemporary adaptive response to overwintering could
change. Although warmer winters might simplistically be presumed to
be less harsh, it is more likely that they will be more severe due to
heightened energetic demands and insufficient food to sustain higher
metabolic demands. This has been shown in several important studies
(Bradshaw & Holzapfel, 2006; Humphries et al., 2002; McGinnity
et al., 2009). Warmer winter temperatures are therefore likely to
select against the torpor strategy in the future as an effective strategy
for overwinter survival and thus favor faster-growing individuals and
result in an increased pace of life for the population overall.

However, these limitations do not imply that we cannot identify
changes to existing large-scale trends, such as the ones driven by tem-
perature. An example of this would be the underestimated length dis-
tribution of 1-year-old smolt, as we are unable to quantify growth for
fish in the 1-year-smolt trajectory after the smoltification decision.
Nevertheless, the growth response only causes a positive shift in the
length distribution, and the mechanism remains the same, implying
that it captures the large-scale trend. Moreover, the model may not
be robust due to the inherent uncertainty tied to extrapolation, and
the model chain has only been applied to one study system; the gen-
eralizability of the model workflow should be applied to several sys-
tems for validation. An improvement to the model workflow may be
obtained by re-estimation of Equation (2) from Metcalfe (1998), which
is derived from hatchery-reared fish, and does, most likely, overesti-
mate the smoltification probability found in the Burrishoole River sys-
tem due to differences in growth rates and resource limitations.

In conclusion, this study provides a data-efficient model workflow
applicable to ectotherms, in particular aquatic ectotherms, for investi-
gation of their life-history response to historical, contemporary, and
future climates. The potential of the model, although simplistic relative
to the underlying mechanisms, is shown by its ability to reproduce
findings in line with more complex and data-demanding approaches,
as well as expectations founded in best available knowledge on the
Atlantic salmon. Although the geographical transferability of the model
remains untested, the underlying data are commonly found through-
out the native range of the Atlantic salmon. This enables the transfer
of the model from data-rich to data-poor systems, allowing a range-
wide examination of climate impacts on Atlantic salmon. More gener-
ally, our modeling work emphasizes how increased growth potential in
ectotherms as a result of global warming can filter through the life

cycle in complex ways, potentially speeding up the overall pace of life.
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Abstract

Climate warming is predicted to increase mean temperatures and thermal
extremes on a global scale. Because their body temperature depends on the
environmental temperature, ectotherms bear the full brunt of climate
warming. Predicting the impact of climate warming on ectotherm diversity
and distributions requires a framework that can translate temperature effects
on ectotherm life-history traits into population- and community-level out-
comes. Here we present a mechanistic theoretical framework that can predict
the fundamental thermal niche and climate envelope of ectotherm species
based on how temperature affects the underlying life-history traits. The advan-
tage of this framework is twofold. First, it can translate temperature effects on
the phenotypic traits of individual organisms to population-level patterns
observed in nature. Second, it can predict thermal niches and climate enve-
lopes based solely on trait response data and, hence, completely independently
of any population-level information. We find that the temperature at which
the intrinsic growth rate is maximized exceeds the temperature at which abun-
dance is maximized under density-dependent growth. As a result, the tempera-
ture at which a species will increase the fastest when rare is lower than the
temperature at which it will recover from a perturbation the fastest when
abundant. We test model predictions using data from a naturalized-invasive
interaction to identify the temperatures at which the invasive can most easily
invade the naturalized’s habitat and the naturalized is most likely to resist the
invasive. The framework is sufficiently mechanistic to yield reliable predic-
tions for individual species and sufficiently broad to apply across a range of
ectothermic taxa. This ability to predict the thermal niche before a species
encounters a new thermal environment is essential to mitigating some of the
major effects of climate change on ectotherm populations around the globe.

KEYWORDS

climate envelope, conditions for population viability, delay differential equation population
model, density-independent abundance, temperature response of abundance,

temperature response of life-history traits
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INTRODUCTION

Climate change is predicted to increase global tempera-
tures and generate more extreme temperature fluctua-
tions (IPCC, 2018; Sherwood et al., 2020). There is
increasing evidence that warming facilitates the invasion
success of exotic species (Dukes & Mooney, 1999; Sorte
et al., 2013; Stachowicz et al., 2002), predisposes native
biota to extinction (Parmesan, 2006; Pereira et al., 2010;
Root et al., 2003; Walther et al.,, 2002, 2009), and
increases outbreaks of pests and pathogens (Bebber et al.,
2013; Harvey et al., 2020; Lehmann et al., 2020).
Ameliorating the joint effects of climate warming and
invasive species is one of the major environmental chal-
lenges of this century (Hellmann et al., 2008; Sala
et al., 2000).

The vast majority of biodiversity on the planet con-
sists of ectotherms, species that cannot physiologically
regulate their body temperature (e.g., microbes, inverte-
brates, fish, amphibians and reptiles). Nearly all pests
and pathogens are also ectotherms. Temperature

(a) Birth rate, B(T)

5,

% 4 4 Bagrada

; —— Harlequin

-

S 2-

& 14 A
O T T T T \‘ T

10 20 30 40
Temperature (°C)
(a) Reproduction

—~~~
O
N

Maturation rate, m,(T)

0.07
2 0.06
£ 0.05{| — ratoqun
5 0.04
S 0.03 1
Dq_“: 0.02 1
0.01 /\
0.0010 ~%0 30 40
Temperature (°C)
FIGURE 1

variation directly affects the physiology, behavior, and
population dynamics of such species. Ectotherm
life-history traits (e.g., fecundity, development, survivor-
ship) exhibit responses to temperature variation that are
plastic, that is, when the temperature changes the
response changes accordingly (Figure 1a-d). Population-
and community-level responses to climate change—
shifting of species’ ranges, competitive displacement of
native species by invasive species, emergence of new
pathogens—ultimately arise from these plastic responses
that occur at the level of individual organisms. For exam-
ple, thermal plasticity in ectotherm development rates
allow for population-level phenological changes such as
earlier or later emergence (CaraDonna et al., 2014;
Forrest, 2016; Miller-Rushing et al., 2010; Post et al.,
2018; Scranton & Amarasekare, 2017; Vitasse et al.,
2022). It is these individual-level responses on which we
need to focus if we are to predict the impact of warming
on biodiversity and invasive species. The challenge is to
determine how these individual-level responses translate
into population- and community-level patterns.
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Conceptual diagram of typical ectotherm life cycle and temperature responses of life-history traits for bagrada (red curves)

and harlequin bug (blue curves) in absence of density dependence (representing Equations 1-4). Juveniles develop into adults over a

1

temperature-dependent duration (T) (r(T) = —), and adults produce new juveniles at birth rate B(T). Mortality, d;(T), da(T), can occur

my(T)

at either stage. Panels (a)-(d) depict, respectively, the temperature responses of birth, juvenile mortality, maturation, and adult mortality
rates in units per day. Solid circles with error bars depict observed trait responses, and curves depict temperature responses predicted using
parameterized response functions (Equations 10-12, Table 1). Density dependence can alter these rates in a fashion that is monotonically
increasing or unimodal in response to temperature (Appendix S1: Figure S1).

85UB017 SUOWIWIOD BA1TE1D) 8[cedl|dde 8Ly Ag peuienob a2 sajole YO 8sN JO S9In1 10} AIq1T 8UIIUQ AB]IM UO (SUOIPUCD-PUE-SWSIL0 A8 | Im Ake.q 1 pul|uo//:Sdy) SUONIPUOD pue sWs | 8U1 89S *[z0z/S0/T] Uo ArigiTauluo A(IM esAee N UiESH JO SeIninsu| uolieN Aq 682yA99/200T 0T/10p/uod 8| im Akeld 1 jpul|uo's euinofess//sdny woly pepeojumoq 'S ‘720z ‘0L T6656T



ECOLOGY

| 30f18

The metric that makes this translation possible is the
fundamental thermal niche, the range of temperatures
over which a species can maintain a positive intrinsic
growth rate. The typical approach is to use observed
abundances across space to quantify a species’ thermal
niche, for example, by wusing maximum entropy
approaches to relate species observations and the temper-
atures for which such observations occurred (Buckley
et al.,, 2010). However, this has the drawback that the
observed pattern is the result of both abiotic and biotic
factors and, hence, represents a species’ realized thermal
niche, not the fundamental niche. A species might be
abundant at a particular location simply because it is
released from competitors or natural enemies and not
because the temperature is optimal for population
growth. Making reliable predictions of warming effects
on population viability and species’ distributions requires
an alternative approach.

Here we present a mechanistic theoretical framework
that allows us to predict a species’ fundamental thermal
niche based solely on how temperature affects the spe-
cies’ life-history traits, completely independently of any
population-level information. We build on recent theory
that predicts temperature effects on ectotherm fitness
and population dynamics (Amarasekare & Coutinho,
2013, 2014; Amarasekare & Savage, 2012). We take
advantage of large-scale data analyses showing that the
qualitative nature (e.g., left-skewed, Gaussian) of trait
responses to temperature (i.e., thermal reaction norms) is
conserved across ectotherm taxa and that their parameter
values are thermodynamically constrained to fall within
a narrow range (Amarasekare & Savage, 2012; Brown
et al, 2004; Dell et al, 2011; Englund et al., 2011;
Gillooly et al., 2001, 2002; Savage et al., 2004). This allows
us to build a general framework that applies broadly
across ectotherm taxa, habitats, and latitudes.

Our framework incorporates temperature responses
of ectotherm life-history traits into a stage-structured
population model that realistically captures the complex
life cycles of multicellular ectotherms (Figure 1). We use
the model to derive a relationship between a species’
temperature-dependent intrinsic growth rate and its
abundance in the absence of population regulation. We
also predict long-term abundance when population regu-
lation is itself temperature-dependent. Since the
trait-based framework allows us to calculate the intrinsic
growth rate, long-term abundance, and the recovery time
(time for a population to return to steady state following
a disturbance in population dynamics) at any biologically
relevant temperature, we can determine the temperature
for which a species will (1) increase when rare at the
fastest rate, (2) exhibit the greatest long-term abundance
under resource limitation, and (3) recover from a

perturbation to the steady state most quickly. Together,
these metrics enhance predictive understanding of the
response of native species under warming as well as
potential outcomes (establishment or extinction) of spe-
cies introductions into novel thermal environments. We
apply these concepts to investigate the interaction
between a naturalized insect species in the California
coastal sage scrub and an exotic species that has recently
invaded this habitat.

CONCEPTUAL FRAMEWORK

In the absence of density-dependent (DD) factors, a pop-
ulation will grow at its intrinsic growth rate, r. When
r>0, the population can increase from initially small
numbers. We can define the fundamental niche as the
range of abiotic conditions over which a species can
maintain a positive intrinsic growth rate (Holt, 2009).

This characterization of the fundamental niche is
straightforward in principle but difficult to estimate in
practice. The prevailing approach is to measure abun-
dance data in the field and calculate the intrinsic growth
rate as the average rate of change in population size
between consecutive sampling periods having similar abi-
otic conditions. However, abundance observed in the
field is the outcome of both abiotic conditions and biotic
interactions. A species may be absent from a given loca-
tion simply because it has been excluded by a competitor,
overexploited by a predator, or has not yet arrived there
due to dispersal limitation. Thus, calculation of the
intrinsic growth rate in the field using abundance data
could unknowingly incorporate, for example, ongoing
biotic interactions that impose DD feedbacks on the
per-capita growth rate. We need a way to relate
the intrinsic growth rate to abundance so that we can
predict the range of temperatures over which a species
attains nonzero abundance in the absence of competitors,
natural enemies, and dispersal limitation.

We make this connection by developing a population
model that incorporates the (1) stage-structured life cycle
characteristic of all multicellular ectotherms and
(2) mechanistic descriptions of life-history trait responses
to temperature (Figure 1). We consider an ectotherm spe-
cies whose life cycle consists of a nonreproductive juve-
nile stage (e.g., eggs, larvae, nymphs) and a reproductive
adult stage. The juvenile stage transitions to the adult
stage through the process of development, which involves
both maturation and mortality. Maturation from juvenile
to adult introduces a time delay between when the cur-
rent adult population reproduces and when the resulting
offspring become adults. Since some juveniles die during
maturation, not all reproductive events lead to a new
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adult. A biologically realistic model for ectotherm popula-
tion dynamics requires incorporating both the develop-
mental delay and mortality during maturation. We do this
using delay differential equations (DDEs), which provide
the analytical means of incorporating delays and their
temperature dependence into a stage-structured popula-
tion model. We use the DDE framework to derive neces-
sary and sufficient conditions for population viability.

Necessary condition for viability

The necessary condition for viability is that a species
be able to increase from initially small numbers,
that is, its intrinsic growth rate should be positive
(Chesson, 2000). We use a stage-structured model with
density-independent (DI) population dynamics to derive
the temperature response of the intrinsic growth rate:

CUd—(tt):b[T(t)]A(f) = M; (1) = ds[T(0)]J(1)
K3 Y
g = M) = da[T(1)] A(t)

where J and A depict juvenile and adult abundances, and
the functions b[T(t)] and dx[T(t)] describe the
temperature-dependent birth and mortality rates
(X =J,A). Note that the temperature upon which these
functions depend, T(¢), is itself a function of time. The
function M;(t) depicts the total maturation rate of juve-
niles into adults and is given by

M; () = b[T(t — (1)) At — (1))

Juveniles maturing into adults at any given time ¢ are
those born at time ¢ — t(t) via adult reproduction at that
time, where t(¢) is the length of the maturation period.
The birth rate at time ¢—=(t) is given by
b[T(t—=(t))]A(t—=(t)). Not all births are successful,
however, since some juveniles die during maturation at
the DI rate d;[T(¢t)]. Hence, the fraction of individuals
surviving through the  juvenile stage is
S;(t) =e~ 4TI The ratio % depicts the tem-
perature dependence of the per-capita maturation rate
my[T(t)] (see details below).

When temperature varies over time (e.g., due to diurnal
and/or seasonal variation), all life-history traits become
functions of time. This time dependence necessitates two
additional equations to describe through-stage survivorship
Sy(t) and developmental delay t(t) (Murdoch et al., 2003;
Nisbet, 1997; Nisbet & Gurney, 1983).

When the developmental delay varies over time, we
can assign each juvenile a maturation index Mipgex tO
describe its progression through the juvenile stage.
Maturation to the adult stage occurs when Mipgex =1
(Nisbet, 1997; Nisbet & Gurney, 1983). If m;(¢t) is the
per-capita maturation rate, which varies with time in
response to temperature variation, and t(t) is the time
spent in the juvenile stage by an individual maturing at
time ¢, then ji_r(t)mJ[T(t)]dx:L By differentiating the
integral and rearranging terms (Nisbet, 1997; Nisbet &
Gurney, 1983), we obtain the following DDE for the
developmental delay:

dT(I) =1— mJ[T(t)] (3)
dt my[T(t—(t))]
The ratio % determines how temperature affects

maturation. If temperature increases over the juvenile
stage duration, the ratio exceeds one, stage duration is
shorter, and more individuals survive through the stage;
if temperature decreases over the stage duration, the
ratio is less than one, stage duration is longer, and fewer
individuals survive through the stage.

To describe the time variation in through-stage survi-
vorship, S;(t), in response to temperature variation,

we again replace the integral S;(t) = e‘f e ST it
its time derivative to obtain a DDE (Nisbet, 1997;
Nisbet & Gurney, 1983):

my[T ()] dy[T(t —<(¢))]
my[T(t—(1))]

dS](t)

a0

—d4[T()]]. (4)

In the absence of density dependence, the long-term
growth rate of a population is its intrinsic growth rate. For
stage-structured populations, the intrinsic growth rate is
given by the dominant eigenvalue of the Jacobian matrix
for the system of equations depicting population dynamics.
For the stage-structured model given by Equation (1), the
temperature-dependent intrinsic growth rate in a constant
thermal environment, that is, T(¢t) = T, is given by

- + —1 [/{/ (T A T)— 1 T

where W is the positive branch of the Lambert
W function (Corless et al., 1996). The detailed derivation
is given in Amarasekare and Coutinho (2013).
Importantly, Equation (5) allows us to derive the key
properties of the fundamental thermal niche. The lower
(Tmin) and upper (Tmax) temperature limits at which
r(T)=0 constitute the lower and upper limits beyond
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which the population goes extinct. The temperature at
which r(T) is maximized (Top,) is the temperature at
which the species increases most quickly from low
abundance.

Sufficient condition for viability

The sufficient condition for viability is that the popula-
tion be able to achieve a long-term (steady-state) abun-
dance that is stable to perturbations. This requires
population regulation via a DD feedback mechanism
such as self-limitation (intraspecific competition).

Temperature dependence of self-limitation

There are two hypotheses regarding the temperature
dependence of self-limitation. The first is based on tem-
perature effects on activity levels. Because increasing
activity levels increase the per individual demand for
resources, and, assuming the resource supply remains
approximately constant with temperature (Bernhardt
et al., 2018; Savage et al., 2004), this hypothesis predicts
that competition strength (quantified as per-capita com-
petitive effect) should increase monotonically with
increasing temperature according to the
Boltzmann-Arrhenius relationship:

aT)=gre 5 ), (6)

where q(T) is the self-limitation strength at temperature
T, A, is the Arrhenius constant, Ty is the reference tem-
perature as described earlier, and gq;, is the
self-limitation strength at the reference temperature
(Appendix S1: Figure S1, red curve). Note that when T
changes over time, as in Equations (1)-(4), the strength
of self-limitation is also time dependent, given by q[T(¢)].

The second hypothesis predicts that self-limitation
should be strongest at temperatures optimal for reproduc-
tion because the demand for resources is likely to be most
intense during periods of peak reproductive activity (Gao
et al., 2013; Johnson et al., 2016). Now g(T) is unimodal
and given by

q(T) = qTopt € 2 ’ (7)

where the strongest self-limitation (g, ) occurs at tem-
perature Top,, and s, depicts the temperature range over
which self-limitation operates (Appendix S1: Figure S1,
black curve).

Temperature-dependent population model with
density dependence

Given these hypotheses, we can use a DD version of the
DDE model given by Equations (1)-(4) to derive the suffi-
cient condition for viability:

d]d—(tt) = BIT(£), A(D)JA(t) — My () = Dy[T (1), T ()} (¢)
=My (0) = AT, A(}A()

xA(z—r(r))m][’;‘f(?_(?(]t))]s](t)
ds;(t) my [T (¢)|Ds[T(t—(t)),J (£ —(t))]
a0 [ my Tl =<(0))]
- DAT(0.3()]
de(t) my[T(1)]
dt *1_mJ[T(t—r 0’ ®)

where the terms and notation are the same as in the
DI model, except that birth and mortality rates are
now DD. The functions B[T(t), A(t)] and Dx[T(t), X(t)],
(X =J,A), describe the joint effects of temperature T(t)
and density on per-capita birth and mortality rates. We
depict DD birth and death rates using functions that
empirical data show to be the most commonly observed
density responses (Murdoch et al., 2003), that is,
B[T(t), A(t)] =b[T(t)] e~ BTOIAW and Dx[T(t), X(t)] =
dx[T()](1+q, [T()]X(t)), where gqy[T(t)] is the
temperature-dependent per-capita competition coeffi-
cient for trait Y (Y =b,d, corresponding to birth or
death rate).

Because we are interested in applying the model to a
Hemipteran insect system in which juvenile mortality is
low and densities are highest at the adult stage, we focus
our analyses on intraspecific density dependence operat-
ing on birth and adult mortality rates. However, the
model is general and can be applied to any system in
which density dependence occurs at either juvenile or
adult stages.

Time to recover following a perturbation to
steady-state abundance

We can solve the dynamical model (Equation 8) to obtain
analytical expressions for steady-state abundance in a
constant thermal environment (Appendix S1). In nature,
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populations are frequently perturbed from steady states
by variation in the biotic and abiotic environment. It is
therefore informative to also quantify how quickly a pop-
ulation might return to steady state following a perturba-
tion. By computing the dominant eigenvalue of the
Jacobian matrix of Equation (8), we can also obtain an
analytical expression for the recovery time following a
perturbation to the steady state:

3 recovery ( T) =

where MT) is the dominant eigenvalue and |A(T)| the
absolute value of MT) (or its modulus when A(T) is com-
plex). Because a stable equilibrium occurs when the dom-
inant eigenvalue has negative real parts, the negative
sign in the numerator guarantees a positive recovery time
when the equilibrium is stable. Analytical expressions for
MT) under DD birth and mortality rates are given in
Appendix S1 (Equations S3 and S5).

By incorporating mechanistic descriptions of
life-history trait responses to temperature into the
steady-state solutions, we can derive an analytical expres-
sion for the climate envelope, the range of temperatures
over which an ectotherm species can maintain a viable
long-term population under DD population regulation.
By doing the same for the recovery time, we can get a
trait-based prediction of how long it would take an ecto-
therm population to recover from a perturbation. The
novelty of our approach is that it allows us to make pre-
dictions about temperature effects on long-term abun-
dance and recovery from perturbations based solely on
trait response data, completely independently of any
population-level information.

We compare the climate envelope obtained using
Equation (8) with the fundamental thermal niche derived
using Equation (5) to determine whether the temperature
at which long-term abundance is maximized under popu-
lation regulation is higher or lower than the temperature
at which the intrinsic growth rate is maximized (which
occurs in the absence of population regulation; see
Hypotheses and predictions below). Making this compari-
son requires that we first elucidate the temperature
responses of the underlying life-history traits. We do
this next.

TEMPERATURE DEPENDENCE OF
LIFE HISTORY

Phenotypic-level temperature responses of ectotherm
life-history traits (per-capita birth, maturation, and mor-
tality rates) are the result of temperature effects on the

underlying biochemical processes (e.g., reaction kinetics
and enzyme inactivation, hormonal regulation Johnson &
Lewin, 1946; Kingsolver, 2009; Kingsolver et al., 2011;
Nijhout, 1994; Ratkowsky et al., 2005; Schoolfield et al.,
1981; Sharpe & DeMichele, 1977; van der Have, 2002; van
der Have & de Jong, 1996). Temperature effects on
rate-controlled processes such as reaction kinetics and
enzyme inactivation yield phenotypic-level trait responses
that are left-skewed or monotonically increasing/
decreasing (Gillooly et al., 2001, 2002; Savage et al., 2004;
van der Have, 2002; van der Have & de Jong, 1996).
Mortality and maturation rates exhibit such responses
(Amarasekare & Savage, 2012; Scranton & Amarasekare,
2017; Uszko et al., 2017). Temperature effects on regula-
tory processes such as neural and hormonal regulation
(Hochachka & Somero, 2002; Long & Fee, 2008; Nijhout,
1994) yield symmetrically unimodal (e.g., Gaussian) trait
responses at the phenotypic level. This is because regula-
tory processes are driven by negative feedbacks that push
increasing and decreasing rate processes toward interme-
diate optima. Birth and attack rates exhibit such responses
(Amarasekare & Savage, 2012; Englund et al, 2011;
Scranton & Amarasekare, 2017; Uszko et al., 2017).

Temperature response of mortality rate

The per-capita mortality rate of all ectotherms increases
monotonically with temperature above the low tempera-
ture threshold for viability (see references in Gillooly
et al., 2002; Savage et al., 2004). This response is well
described by the Boltzmann-Arrhenius function for reac-
tion kinetics (Gillooly et al., 2002; Savage et al., 2004; van
der Have & de Jong, 1996; as in Figure 1b,d):

dy(T) = dx, € (1) , (10)

where dx(T) (X =J,A) is the mortality rate at tempera-
ture T (in degrees Kelvin); Ag4, is the Arrhenius constant,
which quantifies how fast the mortality rate increases
with increasing temperature; and Ty is a reference (base-
line) temperature at which mortality is equal to dx,. .
The reference temperature occurs within the range where
enzymes are 100% active. This is typically between
20 and 30°C, with 24-25°C being the most common
(Johnson & Lewin, 1946; Ratkowsky et al., 2005;
Schoolfield et al., 1981; Sharpe & DeMichele, 1977).
As with the temperature response of self-limitation
(Equations 6 and 7), if temperature T changes in time,
then so does the mortality rate: dx(T(¢)). This similarly
holds for the birth and maturation rates explained
below.
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Temperature response of birth rate

A large number of studies spanning a range of ectother-
mic taxa show that the per-capita birth rate exhibits a
unimodal response to temperature (Amarasekare, 2015;
Amarasekare & Savage, 2012; Carriere & Boivin, 1997;
Dannon et al, 2010; Dell et al, 2011; Dreyer &
Baumgirtner, 1996; Englund et al., 2011; Hou & Weng,
2010; Jandricic et al., 2010; Morgan et al., 2001), which is
well-described by a Gaussian function (as in Figure 1a):

~ (T—Toptb)z
b(T) :bTopte 25 > (11)

where Ty, is the temperature at which the birth rate is
maximal (br,, ), and s, determines how quickly or slowly
the response decays from the optimum. The latter pro-
vides a statistically quantifiable index of the response
breadth (i.e., the temperature range over which the spe-
cies can reproduce).

Temperature response of maturation rate

The maturation rate of ectotherms exhibits a left-skewed
temperature response (Kingsolver, 2009; Kingsolver
et al., 2011; Schoolfield et al., 1981; Sharpe & DeMichele,
1977; van der Have, 2002; van der Have & de Jong, 1996)
that results from the reduction in reaction rates at low
and high temperature extremes due to enzyme inactiva-
tion. This response is well described by a thermodynamic
rate process model (Ratkowsky et al., 2005; Schoolfield
et al., 1981; Sharpe & DeMichele, 1977; as in Figure 1c):

where m;(T) is the maturation rate at temperature T (in
degrees Kelvin); mry is the maturation rate at the refer-
ence temperature T at which the enzyme is 100% active;
Ay, the enthalpy of activation divided by the universal
gas constant R, quantifies temperature sensitivity; T/,
and Ty, are, respectively, the low and high temperatures
at which the enzyme is 50% active; and A;, and Ay are
the enthalpy changes associated with low- and
high-temperature enzyme inactivation divided by
R (Johnson & Lewin, 1946; Ratkowsky et al., 2005;
Schoolfield et al., 1981; Sharpe & DeMichele, 1977; van
der Have, 2002; van der Have & de Jong, 1996). When
insufficient data exist to parameterize the full maturation
function, alternative forms can be used. For example,

when there are not enough data to fit the lower tempera-
ture limit of maturation, a form such as my(T), given in
the note section of Table 1, can be used. If there is insuffi-
cient data at both the high and low ends of the matura-
tion function, but maturation is expected to increase
across the full range of temperatures for which reproduc-
tion occurs, an exponential function can be used such as

Moy (T) =mre" (1) (13)

We show an example using this form for a generic
warm-adapted ectotherm species in Figure 2 (see
Appendix S2 for details).

Several large-scale data analyses (Dell et al., 2011;
Englund et al., 2011; Sunday et al., 2010) show that the
qualitative nature of the trait responses described earlier
(e.g., monotonic, left-skewed, Gaussian) is conserved
across ectotherm taxa. This suggests that the trait-based
models we develop here can be applied across a range of
ectotherm species.

METHODS
Hypotheses and predictions

Temperature at which long-term abundance is
maximized

We hypothesize that the temperature for which
long-term abundance is maximized under DD population
growth is lower than the temperature at which the intrin-
sic growth rate and abundance under DI growth are max-
imized. The rationale is as follows. Self-limitation should
be strongest at temperatures for which abundance is
maximized in the absence of competition (Top;,). When
the strength of competition increases monotonically with
increasing temperature, we expect strong competition at
temperatures at and above Ty, . Therefore, a population
under DD regulation should achieve maximal abundance
at a temperature below Top,. When competition strength
is a unimodal function of temperature, maximum abun-
dance cannot occur at a temperature above the optimal
temperature for reproduction. This is because above the
reproductive optimum, mortality rate increases and birth
rate decreases with increasing temperature (Gillooly
et al., 2002; Savage et al., 2004; van der Have & de Jong,
1996). Since r(T) is a composite of the temperature
response of fecundity (which is symmetric unimodal) and
the temperature responses of maturation and mortality
(left-skewed and exponential, respectively) it is maxi-
mized at a temperature above the optimal temperature
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TABLE 1 Parameter estimates (+SE) for temperature responses of life-history traits of bagrada and harlequin bugs fitted from data.

Species
Bagrada bug Harlequin bug
Life-history trait Estimate + SE t value p-value df Estimate + SE t value p-value df
Birth rate b(T)
br,, 3.5861+1.033 3.471 7.39 x 1072 2 0.8921+0.1119 7.973 p<0.001 5
Topt, 306.6+1.29 238.24 p<0.001 2 298.3+0.41 722.292 p<0.001 5
s 3.659+1.617 2.264 0.152 2 3.085+0.468 6.598 12x1073 5
Maturation rate m(T)
mr, 0.0168" (Tr =297) NA NA NA 0.0138 (T =297) NA NA NA
Am 10,671.0 +728.2% 14.65 p<0.001 3 13,480+592.6 22.75 1.93x 1073 2
AL NA? NA NA NA —100,000 NA NA NA
Ap 90,000° NA NA NA 48,150 £ 4223 11.40 7.6 %1073 2
T1)2 NA?* NA NA NA 273° NA NA NA
Thya 312° NA NA NA 303.84+0.197 1544.93 p<0.001 2
Juvenile mortality rate d;(T)
drr, 0.0287 (Tgr =297) NA NA NA 0.0343 (Tr =297) NA NA NA
Ag, 6779.1+£720.5 9.409 2.54x 1073 3 5743 +1516 3.787 0.0193 4
Adult mortality rate da(T)
dag, 0.0926 (T =297) NA NA NA 0.0029 (Tg =297) NA NA NA
Ag, 12,355.6 +552.6 22.36 p<0.001 3 16,824 £705 23.86 p<0.001 6
Note: Estimates for life-history trait parameters were conducted using nonlinear least squares. Temperatures are in degrees Kelvin. P (ﬁ%)
Given insufficient data to quantify the low temperature decline, a simpler model, m,(T), was used to fit the bagrada maturation rate data: my (T) = LS
PThis was a biologically reasonable choice. 1ae (ﬁ’%
DI abundance DD abundance Time to recovery

(@) (b) (c)

0.05 30 0.05 50 0.05 4 b 150

0.04 24 0.041 40 0.04 % 120

0.03 18 0.03 30 0.03 90

I’(T) ADI(T) ADD(T) 0 trecovery(T)

0.02 12 0.02 ! 20 0.02 1 : 60

0.01 6 0.01 - 10 0.01 4 30

000" %5 30 a5 ° 0-0054 35 0 000035 3 a5 °

Temperature (°C) Temperature (°C) Temperature (°C)

FIGURE 2 Model predictions for generic ectotherm species. (a) Temperature responses of intrinsic growth rate r(T) (black curve in all
panels) and adult abundance Ap;(T) (red curve) calculated from DI model (Equation 1). Note that the Ap;(T) axis is in units of Log(adult
individuals). (b) Comparison of temperature response of intrinsic growth rate (black curve) with those of steady-state adult abundance
calculated from density-dependent (DD) model (Equation 8) for when competition affects adult mortality and temperature response of
competition is monotonically increasing (blue) versus unimodal (red). The App(T) axis is in units of adult individuals. Dashed vertical lines
indicate temperature at which abundance (blue, red) and r(T) (black) are maximized. (c) Comparison of intrinsic growth rate with recovery
time to equilibrium calculated from DD model when density dependence operates on adult mortality. The strength of competition is
monotonically increasing, but this does not affect stability (Appendix S1). Parameter values are realistic for warm-adapted species, such as
those studied: br,, =2.2, Top, =302, s=3.4, Tg =297, dy, =0.03, Aq, = 6260, dar, =0.048, Ag, = 14,600, g7 = qr,, = 0.1, Ag =Aq,,

Topt, = Topt,» S¢ =S5, mr, =0.015, and A, = 11,500. Maturation function Equation (13) was used.
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for reproduction (Amarasekare & Coutinho, 2013;
Amarasekare & Savage, 2012). The key point is that
regardless of whether the temperature response of com-
petition is monotonic or unimodal, maximum abundance
under DD regulation should occur at a temperature
below Ty, .

Testing this hypothesis requires comparing the tem-
perature at which long-term abundance is maximized
(Topt,,) With the temperature at which the intrinsic
growth rate is maximized (Top, ). When the thermal envi-
ronment is constant (i.e., the species experiences the
same temperature, on average, with few or no fluctua-
tions around the mean), Equation (1) converges to a sta-
ble equilibrium. We solve for the steady-state solution
when density dependence operates through birth or death
rates and generate the climate envelope for when the tem-
perature response of competition is monotonic or unimodal
(Appendix S1). We make the connection between the
intrinsic growth rate and maximum abundance when
life-history traits are DI by simulating the DI model
(Equation 2) long enough to produce a smooth function of
abundances (expected for a dynamical model) over the full
range of temperatures constituting the niche. This makes it
possible to quantify an ectotherm species’ fundamental
niche through measurements of its relative abundance.

Temperature effects on population recovery
from perturbations

We expect the temperature at which the intrinsic growth
rate is maximized to differ from the temperature at which
the recovery time is minimized. We do so because the
intrinsic growth rate (Equation 5) consists of the temper-
ature responses of life-history traits only, while the domi-
nant eigenvalue (Appendix S1: Equations S3 and S5)
used to calculate the recovery time from a perturbation
(Equation 7) includes temperature responses of
life-history traits and competition.

Testing theory with data
Natural history of insect community

We tested model predictions using trait response data
from a naturalized-invasive insect community inhabiting
the California Coastal Sage Scrub (CSS) community of
Southern California. Both insects are Hemiptera (family:
Pentatomidae), and both undergo five nymphal instar
(nonreproductive) stages before reaching adulthood. The
harlequin bug (Murgantia histrionica) is a naturalized
herbivore that has inhabited the CSS in southern
California for likely well over a century (Blatchley, 1934;

Wallingford et al., 2011) and is adapted to the
Mediterranean climate. The bagrada bug (Bagrada
hilaris) is a recent introduction to North America and is
native to subtropical and tropical regions of Southeastern
Africa and South Asia (Hill, 2008). First recorded in Los
Angeles County, California, in June 2008, the bagrada
has since expanded across the southwestern
United States and Mexico (Palumbo et al., 2016). Like the
harlequin bug, bagrada is a generalist herbivore that
feeds on a variety of crucifers (e.g., mustard, broccoli,
cabbage). In the field, egg parasites are common for the
harlequin, but neither bagrada or harlequin juveniles or
adults incur mortality from natural enemies (Ludwig &
Kok, 1998; Palumbo et al., 2016).

These naturalized and invasive insects represent an
ideal system for testing predictions about the thermal niche
and climate envelope because the two species are phyloge-
netically closely related (both are members of the family
Pentatomidae) and have the same feeding niche (both are
sap-sucking insects that predominantly feed on plants in
the Brassicae family) but are adapted to different thermal
regimes (subtropical vs. Mediterranean). We therefore
expect them to differ in the characteristics of their funda-
mental thermal niche (e.g., T'min, T max, and Topt).

Fitting mechanistic functions to trait response
data: Experiments

We conducted laboratory experiments at different constant
temperatures to quantify the two species’ response of
life-history traits (birth, maturation, mortality) to tempera-
ture. We used bagrada individuals laid by first- and
second-generation wild-caught individuals originating from
collection sites in New Mexico (Tome and Las Cruces) and
California (Leo Carrillo State Park and Lake Perris State
Recreation Area) during summer 2013 (NM) and fall 2015
(CA) under California Department of Food and
Agriculture State Plant Pest Movement Permit 2979 and
California Department of Fish and Wildlife Scientific
Collecting Permit 12788. We measured trait responses in
temperature-controlled growth chambers (40 + 10%
humidity; 12-h photoperiod) at the University of
California, Los Angeles starting in fall 2013. Experiments
were conducted at six temperatures (24, 27, 30, 33, 35, and
36°C) and were started with newly laid eggs checked daily
for first instar nymphal emergence. Emerged first instar
nymphs were placed in a plastic cylinder vial (9.5 cm in
length by 2.8 cm in diameter) containing a piece of cabbage
approximately 2.5 cm in diameter and sealed with a foam
stopper. Individuals were checked daily for transition
between each of the five juvenile life stages or death.
Individuals who survived to the adult stage were put into
mating pairs to measure lifetime fecundity. Cabbage was
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replaced in both nymphal and adult containers every
48-72 h. Data for the harlequin bugs, collected at eight
temperatures (15, 18, 21, 24, 27, 29, 33, and 35°C) using the
same resource and similar protocols, are reported in
Amarasekare and Savage (2012) and Amarasekare and
Sifuentes (2012). Both bagrada and harlequin data are
available in Simon and Amarasekare (2024a).

For both species, per-capita birth rate was measured
as the number of eggs laid per adult life span of a given
female and per-capita mortality rate, the inverse of time
until death, where time until death is number of days
from first instar nymph emergence until juvenile death
(juvenile mortality) or from the date of adult emergence
until death (adult mortality). Per-capita maturation rate
was measured as the inverse of juvenile development
duration (t), which is the number of days from first instar
emergence to fifth molt (the molt from which the adult
emerges).

Fitting mechanistic functions to trait response
data: Parameter estimation

We followed previous studies (e.g., Amarasekare & Savage,
2012; Lin et al., 2023; Scranton & Amarasekare, 2017) in
quantifying the mean value of each trait by averaging over
the number of replicates (individuals) at each experimental
temperature. This approach allows one to estimate the stan-
dard error and probability associated with each parameter
estimate and, hence, the reliability of the estimates. We
fitted mechanistic temperature response functions
(Equations 10-12) to these mean trait values using
least-squares nonlinear regression. Fits were conducted
with the “nls” function of the base stats package in R ver-
sion 422 (R Core Team, 2017). This analysis assumes
Gaussian error around predictions of population means, a
reference trait value measured at a reference temperature
typically determined by the investigator (given in Table 1 as
“Tg=...” for applicable parameters), and that parameter
ranges are dictated by biological realism (i.e., the low
temperature at which an enzyme is 50% active must be
greater than the freezing temperature 273 K). Table 1
gives the resulting parameter estimates and Figure 1la-d
depict the observed and fitted trait response functions for
the two species. When the nls algorithm did not converge
due to a lack of data at the extremes, as was the case with
maturation data for the bagrada at high temperatures,
biologically realistic values were assigned. However, com-
parison with an exponential function (Equation 13) that
does not incorporate the high temperature decline
shows a negligible difference in model predictions
(Appendix S2). The code used for parameter estimation is
available in Simon and Amarasekare (2024b).

Analysis of dynamical models

We conducted two analyses. First, we wused DI
(Equations 1-4) and DD (Equation 8) models with realistic
parameter values for ectotherm species to test the general
predictions made in Hypotheses and predictions above. We
then parameterized the models with trait response data for
the two insect species to test the validity of model predic-
tions when applied to real species. In both cases, we used
the DI model to quantify the temperature response of the
intrinsic growth rate and climate envelope in a constant
thermal environment. Since the DI model has no
long-term equilibrium, we simulated exponential growth
using the dde command of the PBSddesolve package (ver-
sion 1.13.3; Couture-Beil et al., 2023) in R (R Core Team,
2017) and long-term abundance at the end of 5 years (long
enough to achieve a stable-stage distribution across the
thermal niche) for a range of mean habitat temperatures
(see Simulation_FigureGeneration_Rcode.R in Simon &
Amarasekare, 2024b). This gives the species’ climate enve-
lope in the absence of population regulation. We com-
pared the temperature responses of intrinsic growth rate
and DI climate envelope to test whether the prediction
that when population growth is DI, the temperature at
which abundance is maximized coincides with the temper-
ature at which r(T) is maximized.

We used the DD model to generate the climate enve-
lope under population regulation for the same range of
mean temperatures as for the DI model. We compared
the temperature responses of intrinsic growth rate and
DD climate envelope to test the prediction that the tem-
perature at which abundance is maximized under DD
growth is lower than that at which r(T) is maximized.
We calculated the recovery time following a perturbation
under DD growth using Equation (7) to test the expecta-
tion that the temperature at which the intrinsic growth
rate is maximized should be different from the tempera-
ture at which the recovery time is minimized.

We calculated the degree of thermal niche overlap
between the two insect species by integrating r(T) for

each species at their respective thermal limits
for viability:
Tintersect Ty harlequin
rbagrada(T)dT + J rharlequin(T)dT’ (14)
Trbagradamin Tintersect
where Trbagradamin and Trharlequinmax are, respeCtiveIY’ the

lower and upper temperature limits for the viability of
the bagrada and harlequin bugs (Tpmin and Tuyax in
Table 2). The intersection of the thermal niches of the
two species, Tintersecty OCCUIS When Fyagrada(T) —
Tharlequin (T) ® 0 (equivalently, ~where  ryagraga(T) &
Tharlequin (T')). We solved for the intersection with accuracy
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TABLE 2 Parameters characterizing temperature dependence
of intrinsic growth rate, long-term abundance, and recovery time
for invasive bagrada bug and naturalized harlequin bug.

Species

Metric Bagrada Harlequin
Intrinsic growth rate r(T)

Topt, (°C) 34.1 26.7

rr,, (per day) 0.058 0.023

Tmin (°C) 26.8 18.2

Tmax (°C) 37.7 30.9
Density-dependent fecundity

TOP‘ADD ) 28.9 19.7

App (Topt) (adult individuals) 18.1 62.6

Topty ey € 35.2 29.2

Irecoveryy, (days) 0.451 0.029
Density-dependent mortality

Topty,, °C) 31.3 23.7

App (Topt) (adult individuals) 8.98 213.2

Topty, o, €O 35.0 27.7

frecoveryy,,, (days) 0.029 0.012

Fpagrada (T') — Fharlequin (T') < 10~ by calculating the differ-
ence at successively smaller T intervals. Equation (14)
was calculated using the “Nintegrate” function in
Mathematica (Wolfram Research, Inc, 2019). The code is
available in Simon and Amarasekare (2024b).

RESULTS

General predictions from dynamical
models

As expected, the temperature at which the intrinsic
growth rate, r(T), was maximized was indeed the
same temperature at which abundance was maximized
(Figure 2a). This suggests that, in the absence of
intraspecific competition, the temperature at which an
ectotherm species’ ability to increase when rare is the
one at which it also reaches the highest abundance. As
also expected, the temperature at which equilibrium
abundance was maximized was lower than the tempera-
ture at which the intrinsic growth rate was maximized
(Figure 2b). We found that the temperature at
which recovery time was minimized (the temperature at
which recovery from a perturbation was the fastest)
was higher than that at which the intrinsic growth rate
was maximized (Figure 2c). The key point is that

steady-state abundance is maximal at the cooler end
of the thermal niche, while the fastest response to
perturbation occurs at the warmer end of the niche.
These outcomes ensue regardless of the life-history trait
(fecundity, mortality) on which density dependence
operates or the qualitative form of the temperature
response of competition (monotonic vs. unimodal;
Appendix S1: Figure S2).

Testing theory with data from a
naturalized-invasive insect community

Analyses of the parameterized models confirm that our
predictions hold when applied to insect species in the
wild. When population growth is DI, the temperature of
maximum abundance coincides with the temperature at
which r(T), and hence the ability to increase when rare,
is maximized (Figure 3a,d). This occurs at 34.1°C in the
warm-adapted bagrada and, almost 7°C degrees cooler, at
26.7°C in the cooler-adapted harlequin (Table 2).

As predicted, when population growth was DD, the tem-
perature at which abundance was maximized was lower
than that at which the intrinsic growth rate r(T) was maxi-
mized (Figure 3b,e). Interestingly, we found that the tem-
perature at which the bagrada achieved its maximum
abundance (28.9 and 31.3°C, DD fecundity, mortality,
respectively; Figure 3e) was very close to the temperature
at which the harlequin’s intrinsic growth rate was maxi-
mized (26.7°C Figure 3a). Additionally, bagrada’s maxi-
mum abundance also occurred very close to the
temperature for which harlequin’s time to recovery was
shortest (29.2 and 27.7°C, DD fecundity, mortality,
respectively; Figure 3c).

Lower and upper thermal limits of the fundamental
niche are greater for the bagrada, which is of subtropical
origin (Tyin = 26.8°C, Tmax = 37.7°C), than for the
Mediterranean-adapted harlequin bug (Tmin = 18.2°C,
T max = 30.9°C). The two species’ niches overlap within
the temperature range 26.8-30.9°C (Figure 4, Table 2).
This overlap constitutes ~25% of the harlequin’s
thermal niche but only ~10% of the bagrada bug’s
niche (see NicheOverlap_MathematicaCode_ OUTPUT.
pdf in Simon & Amarasekare, 2024b). Importantly,
this temperature range of niche overlap includes the
temperatures at which the harlequin bug’s intrinsic
growth rate (26.7°C) and recovery time are maximized
(29.2 and 27.7°C for DD fecundity, mortality, respec-
tively) and the temperature at which the bagrada’s
steady-state abundance is maximized when density
dependence operates on fecundity (28.9°C; the maximum
under DD mortality slightly exceeds niche overlap
at 31.3°C).
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FIGURE 3 Temperature-dependent intrinsic growth rate, r(T), and climate envelope under density-independent (DI), Api(T), and

density-dependent (DD) population growth, App(T), for the naturalized harlequin bug (top; blue) and invasive bagrada (bottom; red). Panels

(a) and (d) depict the intrinsic growth rate (dark blue curve in [a], dark red curve in [d]) and adult abundance (in units Log[adult

individuals]) under DI growth (light blue curve in [a], light red curve in [d]). Panels (b) and (e) compare r(T) with App(T) when

competition affects adult mortality via a monotonic temperature response of competition. Units of App(T) are adult individuals. Panels
(c) and (f) depict r(T) and the recovery time to equilibrium trecovery (T) (in units of time). Parameters: g, = 0.1 for both bugs; A; = A4, for

each respective bug; all other parameters are given in Table 1.
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FIGURE 4 Fundamental thermal niches of naturalized
harlequin (blue and gray regions) and invasive bagrada bugs (red
and gray regions) as predicted from trait response data (Figure 1,
Table 1). Niche overlap is shown in gray. Niche metrics are given in
Table 2.

DISCUSSION

Climate warming is widely expected to shift species’ dis-
tributions, enhance extinction risk, and increase the

invasion of exotic pests and pathogens. Predicting the
ecological impacts of climate warming requires that we
understand how temperature effects on ectotherm spe-
cies’ life-history traits translate into population-level pat-
terns of abundance and distributional changes through
the shaping of species’ thermal niches. Here we devel-
oped a mechanistic, trait-based framework for character-
izing the fundamental thermal niche and, hence, a
species’ climate envelope (the range of temperatures over
which a species maintains a viable population), based on
how species’ life-history traits and population regulatory
mechanisms respond to temperature (Figure 1).

The particular strength of our framework is that it is
sufficiently biologically realistic to apply to specific spe-
cies but is, at the same time, sufficiently general to apply
broadly across ectotherm taxa. Its novelty is that it gener-
ates testable predictions about species’ abundances and
distributions based solely on information on the tempera-
ture responses of the underlying life-history traits. The
predictions are therefore completely independent of
observed distribution and abundance patterns. This is
important because, when a framework is used based on
species’ traits for which the temperature responses can be
carefully measured in the laboratory, the thermal niche
can be quantified in the absence of biotic filters that
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generally plague measurements obtained from the field.
This allows for more accurate predictions of climate
envelopes of ectotherm species of interest. Further, sev-
eral large-scale data analyses show that the qualitative
nature of the temperature responses of life-history traits
(e.g., monotonic, left-skewed, Gaussian) is conserved
across ectotherm taxa (Kingsolver, 2009; Kingsolver
et al., 2011; van der Have, 2002; van der Have & de Jong,
1996) and their parameters are thermodynamically
constrained to lie within narrow limits (Brown et al.,
2004; Dell et al., 2011; Gillooly et al., 2001, 2002; Savage
et al., 2004). This affords the advantage of being able to
use parameter values of related species from similar ther-
mal environments when data are unavailable for a spe-
cies for whom a climate envelope is required.

Data limitation is most likely to occur when quantify-
ing the temperature response of the maturation rate.
Most previous studies quantified only the rising portion
of the maturation curve, that is, the temperature range
within which the maturation rate increases exponentially
with temperature (Equation 13; Appendix S2: Figure S1,
solid curve; see references in Gillooly, 2002). This is
largely because the metabolic theory of ecology (Brown,
2004; Savage et al., 2004), the prevailing framework for
temperature dependence at the time, did not consider the
high temperature decline in their formulations. The
advent of climate warming has necessitated a broadening
of the framework for characterizing trait response func-
tions. Given the importance of climate warming in driv-
ing species distributions, future empirical studies should
concentrate on quantifying the maturation rate at high
temperature extremes so that the decline at these
extremes can be quantified. Based on our experience,
extending the temperature measurements to four or five
temperature treatments above the optimal temperature
for reproduction (Top, in Equation 11) should suffice to
obtain statistically significant fits to the two parameters
that characterize the high temperature decline
(Equation 12; Ardelan et al, 2023; Scranton &
Amarasekare, 2017).

The framework we present applies broadly across
multicellular ectotherm species despite life-history differ-
ences in the number of pre-reproductive stages. Such dif-
ferences do not require modification to the model when
density dependence acts only on adults or on all juvenile
stages equally because pre-reproductive (juvenile) stages
then simply act as a time lag (Murdoch et al., 2003). In sys-
tems for which density dependence acts at some but not
all juvenile stages, the juvenile class in Equations (1) and
(8) can be split into multiple juvenile classes, each with its
own corresponding equation (e.g., Johnson et al., 2016).

Our framework is sufficiently general to apply to abi-
otic factors other than temperature (e.g., humidity,

salinity) so long as the response of life-history traits and
self-limitation can be measured at different magnitudes
of the abiotic condition of interest. It is also feasible to
make predictions based on the joint effects of multiple
abiotic factors by modifying the existing framework,
which is an important area for future research.
Quantifying the temperature response (or other abiotic
response) of life-history traits of long-lived or very large
ectotherms may not be possible in lab-controlled settings.
For these cases, the use of well-controlled field settings
using large numbers per replicate could be a viable alter-
native. Research into this possibility is needed.

The key innovation of our framework is the develop-
ment of metrics (intrinsic growth rate, abundance, and
recovery time as a function of temperature) that can be
used to generate thermal range plots for native and inva-
sive species. These allow us to predict, a priori, the likeli-
hood of competitive interactions and the proportion of
each species’ range within which such interactions are
likely to occur. These thermal plots can be compared
with temperature-abundance data from the field to deter-
mine where a species could be but is absent due to inter-
actions with competitors and/or natural enemies or due
to dispersal limitation and to where it could potentially
expand under various scenarios of climate warming. By
characterizing both necessary and sufficient conditions
for population viability in terms of species abundances,
we are able to obtain a complete description of the funda-
mental niche under both DI (e.g., invasive species in their
initial establishment phase) and DD (e.g., native species’
typical dynamics) population growth.

Our trait-based framework yields two important
insights into the fundamental thermal niche of ecto-
therms. First, maximum abundance occurs at warmer
temperatures in populations experiencing DI growth
compared to populations experiencing DD growth.
Second, the type of population growth determines the
degree of congruence between the temperature at which
abundance is maximized and the temperature at which
the species can increase most quickly from low abun-
dance. In populations exhibiting unbounded growth, the
temperature at which abundance is maximized is the
same as the temperature at which the species can
increase most quickly from low abundances; in
populations exhibiting bounded growth, the temperature
at which abundance is maximized is lower than the tem-
perature at which the species can increase most quickly
from low abundances. Importantly, these are general out-
comes that prevail regardless of which life-history trait
density dependence operates on or the qualitative nature
(monotonic vs. unimodal) of the temperature response of
intraspecific competition. They suggest that climate
warming will have differential effects on native or
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naturalized versus invasive species. For instance, the fact
that the temperature of maximum abundance and tem-
perature of fastest recovery from low abundances coin-
cide suggests an advantage of climate warming for
species exhibiting unbounded growth (e.g., crop pests,
newly introduced species). Similarly, the fact that the
temperature of maximum abundance is lower than the
temperature of fastest recovery suggests a disadvantage
for species exhibiting bounded growth (e.g., native spe-
cies well-established in their habitats). Putting this in the
context of interactions between native and invasive spe-
cies, their ability to increase when rare at warmer tem-
peratures at which native species exhibit lower
abundances and, hence, weaker competitive pressure
give invasive species a greater advantage in establishing
in newly colonized habitats. The important implication
for native species, which is particularly relevant when
generating climate envelopes for such species, is that the
temperature at which one is likely to observe highest
abundance in the field is not the temperature that is opti-
mal for reproduction and population growth, but the one
at which effects of self-limitation are minimal.

Our findings support the widespread expectation that
climate warming will increase the spread of invasive pests
and pathogens. An increase in the environmental tempera-
ture at a given location will draw native species away from
the cooler temperatures at which their abundance and com-
petitive pressure on invasive species are greatest. At the
same time, it will subject the invasive species to the warmer
temperatures at which their ability to increase when rare is
greater. The faster an exotic species can increase when ther-
mal conditions are favorable, the greater the likelihood of
its successful establishment. The advantage of our frame-
work is that we can predict, a priori, which native species
will be at greater risk and which invasive species have the
greater advantage, based on how their life-history traits
respond to temperature. It is customary for entomologists
and pest management specialists to quantify temperature
effects on the life-history traits of pests and newly invaded
species through laboratory experiments. In fact, the pest
management and entomological literature is replete with
such studies (e.g., Correa et al., 2021; Karpicka-Ignatowska
et al., 2021; Sun et al., 2022), meaning that the information
required for quantifying the thermal niche of invasive spe-
cies is likely to be widely available.

Tests of our model predictions with data for the natu-
ralized (harlequin bug) and invasive species (bagrada)
confirm the key conceptual insights of our trait-based
framework. First, when population growth is DI, the tem-
perature at which abundance is maximized coincides
with the temperature at which r(T), and hence the ability
to increase when rare, is maximized. Second, when popu-
lation growth is DD, the temperature at which

abundance is maximized is lower than that at which the
intrinsic growth rate, r(T), is maximized. Third, the
range of thermal niche overlap between the two species
includes the temperatures for which the harlequin bug’s
intrinsic growth rate and recovery time are maximized
and the temperature at which the bagrada’s abundance
(under DD population growth) is maximized.
Interestingly, we found that the bagrada achieved its
maximum abundance at a temperature very close to that
for which the harlequin’s recovery time was the shortest,
suggesting that competitive interactions with the invasive
bagrada could impact the naturalized harlequin’s ability
to respond to external perturbation. We additionally
found that the bagrada achieved its maximum abundance
at a temperature close to that at which the harlequin
bug’s intrinsic growth rate was maximized. In contrast,
bagrada’s intrinsic growth rate was maximized at a tem-
perature that was above the upper temperature limit for
the harlequin bug’s viability and was very close to the
maximum temperature observed in the CSS habitat
(~36°C in the University of California San Joaquin Marsh
Reserve, Irvine, CA, USA; Simon, 2017). The upper tem-
perature limit for bagrada’s viability is slightly above the
maximum observed CSS temperature.

The ability to increase when rare is a critical compo-
nent of invasion success. However, if the temperature at
which a species’ ability to increase when rare is the
greatest coincides with the temperature at which its com-
petitor’s abundance is maximized, invasibility will be
hindered by strong competition from the resident species.
Since the harlequin bug’s (the resident species) abun-
dance is maximized at a temperature much lower than
that at which the bagrada’s (the invasive species) ability
to increase when rare is the greatest, one would expect
the bagrada’s invasion of the CSS community to be rela-
tively unhindered by competitive pressure from the harle-
quin bug. Had their roles been reversed (i.e., bagrada had
been the naturalized species), the harlequin bug would
have had difficulty increasing from initially small num-
bers because the temperature at which it has the greatest
ability to increase when rare is also the temperature at
which competitive pressure from bagrada is the greatest
(at least when density dependence acts on fecundity).

This finding illustrates an interesting asymmetry
between species in their invasion success based on their
latitudinal origin. Invasion by an exotic species is most
likely to succeed when the temperature at which the
exotic species’ intrinsic growth is maximized (i.e., the
temperature at which its ability to increase when rare is
the greatest) is greater than the temperature at which the
native (or naturalized) species’ abundance is maximized.
An ectotherm species of Mediterranean or temperate ori-
gin introduced to a tropical habitat may be at a
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disadvantage because the temperature at which its ability
to increase when rare is likely to coincide with the tem-
perature at which the native species is the most abundant
(and, hence, exerts the strongest competitive pressure on
an incoming species). In contrast, an ectotherm species
of tropical origin introduced to a Mediterranean or tem-
perate habitat is likely to have greater invasion success
because the temperature at which its invasibility is the
greatest is likely to be higher than the temperature at
which competitive pressure from the native species is the
strongest. Such a directionality in invasion success, with
tropical species having greater success in invading tem-
perate habitats, has been reported based on data of both
extant and extinct species (Jablonski et al., 2006, 2013),
which recent theory (Amarasekare & Johnson, 2017;
Amarasekare & Simon, 2020) attributes to tropical spe-
cies having higher optimal temperatures for reproduction
and lower mortality during temperate summers com-
pared to temperate species. An interesting future direc-
tion would be to conduct a broader analysis, based on
available data from the literature, to determine whether
warm-adapted invasive species from lower latitudes have
an intrinsic advantage when interacting with
cold-adapted native species from higher latitudes.
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1 | INTRODUCTION

Over the last century, global warming has had substantial impacts
on marine ecosystems, with species locally extirpating (Pinsky
et al., 2019), changing distributions in depth and latitude (Brown
etal.,2016; Chenetal., 2011; Kortsch et al., 2012; Lenoir et al., 2020;
Poloczanska et al., 2013), or in some cases shifting phenotypes in re-
sponse to climatic pressures (Manhard et al., 2017; Perry et al., 2005;
Ryu et al., 2020). In marine ectotherms such as fish, population dis-
tributional limits are influenced by physiological thermal constraints,
as temperature affects critical functions such as metabolism, growth,
and reproduction (Addo-Bediako et al., 2000; Angilletta et al., 2002;
Roessig et al., 2004), and are restricted by narrower thermal safety
margins (Pinsky et al., 2020). Accordingly, species' range changes in
response to climate change have been up to sevenfold faster in the
ocean as compared to on land (Poloczanska et al., 2013). As marine
temperatures are forecasted to continue rising (Portner et al., 2019),
the ability to predict fish redistributions will be vital to protect eco-
system functions, maintain food security, and other contributors
to human well-being (Bonebrake et al., 2018; Pecl et al., 2017). A
central challenge in predictive species range modeling has been
the observation that, although many ranges have displayed antic-
ipated poleward shifts in response to warming (Chen et al., 2011),
a substantial number of range shifts have not followed projections
and show significant variation in rate and direction of movements
(Poloczanska et al., 2013; Urban, 2015), complicating population re-
sponse predictions and conservation management. A key develop-
ment in addressing this variation has been the acknowledgment that
a suite of other non-temperature associated biotic factors, including
species interactions (Ellingsen et al., 2020; Louthan et al., 2015), eco-
logical and life history traits (MacLean & Beissinger, 2017), and eco-
evolutionary dynamics (Cacciapaglia & van Woesik, 2018; Fredston
et al., 2021; Nadeau & Urban, 2019), can also affect a population's
ability to colonize and establish in novel environments, and should
thus be incorporated into forecasts. However, an often overlooked
factor in predicting and synthesizing climate change responses are
differences in methodological approaches to measuring popula-
tion distribution changes over time (Brown et al., 2016; Wolkovich
et al., 2012), which might explain part of the observed variation in
direction and velocity of responses to temperature, even within the
same geographical and taxonomic context. For example, for some
marine fish species within the same geographic regions seemingly
contradictory responses are being reported. In the North Atlantic,
for example, some studies suggest rapid environmental tracking at
a rate corresponding to the local climate velocity (the pace and di-
rection of climate shift across landscape; Frainer et al., 2017; Perry
etal., 2005), while other multidecadal studies on range shifts suggest
that only few are completely keeping pace with changing climate
(Fredston-Hermann et al., 2020) and report significantly slower dis-
tribution responses (Campana et al., 2020). Addressing this variation
will be key to improved response predictions informing conserva-
tion management, particularly as the magnitude of range shifts is
likely to increase under climate change forecasts. Some syntheses

have indeed highlighted the complexity of interacting functional and
taxonomic predictors of climate responses in marine taxa (Lenoir
et al., 2020), with Brown et al. (2016) demonstrating higher impor-
tance of methodological biases in marine range shift estimates than
previously thought. To date, however, no recent synthesis with a
focus on marine fish exists. As such, there is a need to build upon
this initial work and to summarize the most recent literature to test
an extended scope of interacting ecological factors influencing both
the latitudinal and depth changes of marine fish species in response
to climate change, and the confounding methodological factors that
can affect their estimation.

The scarcity of analyses of methodological biases in marine range
shift research is surprising considering the wide range of methods for
data acquisition, processing, and modeling, resulting in high hetero-
geneity of research quality and results. While some methodological
details need to be tailored to be suitable for specific taxa, ecosystems,
and geographical conditions, large heterogeneity in other variables
potentially affecting accuracy such as population sampling effort,
temporal resolution, and statistical approaches remains. For exam-
ple, redistribution inferences may be affected by sampling meth-
ods including choice of proxy for distribution measurement (Brown
et al., 2011; Wernberg et al., 2012), including the “center of distribu-
tion” (COD) which constitutes the mean latitude of the spatial extent
(e.g., Hsieh et al., 2009; Husson et al., 2022; Li et al., 2019), or a pop-
ulation's most extreme boundaries of longitude, latitude, or depth,
inferred, for instance, by presence-absence data (e.g., Fredston-
Hermann et al., 2020). How these distribution indices are obtained
also affects the predictions that are produced (Brown et al., 2016):
common data sources include abundance data from survey trawls by
long-term fisheries or research programs (Perry et al., 2005; Yemane
etal., 2014), tagging-recapture data (Hammerschlag et al., 2022; Neat
& Righton, 2007), historical records (Kumagai et al., 2018), or genetic
molecular methods (Knutsen et al., 2013; Spies et al., 2020). Each
of these methods has various costs and benefits, such as tradeoffs
associated with monetary expense, sampling effort, and feasibility
in contrast to the likelihood of observing specific species or species
types, achieving adequate sample sizes, and spatial-temporal reso-
lution. Variation also exists in the data analysis stage, including the
decision of whether to report movement estimates for a single species
or cumulative inferences for whole assemblages reflecting changes in
community traits and composition (e.g., Dulvy et al., 2008; Frainer
etal., 2017). Response estimates in marine taxa were also shown to be
affected when climatic predictors, other than temperature, such as sa-
linity (Champion et al., 2021), oscillation indexes (Han et al., 2021; Nye
et al., 2009), bathymetry (Hammerschlag et al., 2022; Li et al., 2019),
or non-climatic drivers, such as food availability (Smith et al., 2021) or
exploitation by fishing (Bell et al., 2015; Engelhard et al., 2014), were
included (Brown et al., 2016). Nevertheless, robust data from wild ma-
rine fish populations incorporating both biotic and abiotic drivers of
climate responses remain scarce (but see Adams et al., 2018), with
potential differential effects on response estimates between single
and multi-predictor models remaining unexplored. Overall, while this
methodological variation is known to exist, it remains unclear whether
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it has generated any systematic biases in the existing literature which
may distort estimates of geographical shifts across fish species.

This review aims to summarize the current state and remaining
gaps of knowledge on ecological and methodological factors influ-
encing latitudinal and depth shifts in response to ocean warming in
marine fish. First, we carried out a systematic literature review to
gather data from existing original articles meeting criteria of mea-
suring range shifts in response to temperature change. The aim was
to investigate trends between rate of temperature change and range
shifts across different niches, habitats, and other ecological factors
such as life stage and marine exclusivity. Second, we summarized the
current state of methodology prevalent across these studies, such
as data acquisition and analysis methods, temporal and spatial res-
olution, and estimated the effects of study methods on population

redistribution inferences.

2 | METHODS
2.1 | Literature search

The methodology of this review and meta-analysis was guided by
the Preferred Reporting Items for Systematic reviews and Meta-
analyses (PRISMA,; Page et al., 2021).

Studies were identified by performing a literature search on
the electronic database Web of Science in June 2022 with differ-
ent combinations of the keywords ‘fish geograph®, ‘distribution’,
‘range’, ‘shift’, ‘contract™, ‘expan® on studies dating until present, and
were limited to articles in the research area of Zoology published
in English language (Table 1). Additionally, suitable articles were
identified further by scanning reference lists and review articles on
related topics. Authors of four studies were contacted via email to
obtain missing information on results and methodology. Of these,
Dr. Maria Fossheim and Dr. Raul Primicerio provided species-wise
raw data of latitudinal changes in distribution from the paper by
Husson et al. (2022). The three remaining studies, for which no data

were received, were dropped from analyses.

TABLE 1 Search strategy and
information sources. Six searches were
performed in the online database Web

Search Search
number  engine

of Science (WoS) including different 1 WoS

combinations of the search terms ‘fish

geograph®, ‘distribution’, ‘range’, ‘shift’, 2 WoS

‘contract®, ‘expan*’ with no date limitation

for English original articles within the 3 WosS

Zoology research area in June 2022; with

results showing number of hits for each

search term. “ s
5 WoS
6 WoS

S i ey L

2.2 | Study selection

Records retrieved from the database were screened for duplicates,
and for the first round of eligibility abstracts were manually checked
to confirm the study focus included marine fish and distributional
range changes in response to temperature (Figure 1). Four further
rounds of filtering were performed according to inclusion and exclu-
sion criteria (Table 2). This process was performed independently
by one reviewer, while the second reviewer randomly selected a
sample of five studies in every stage to assess, with disagreements
between reviewers being resolved by consensus. Articles extracted
from references were simultaneously screened for eligibility in the
same manner.

Only original research papers documenting latitudinal or depth
responses to temperature in marine fish were considered (Table 2).
The terms range and distribution shifts are used in this study in-
terchangeably and refer to, based on definitions used by Parmesan
et al. (2005) and Sorte et al. (2010), a change in the distribution
of native species' boundaries from their historical boundaries, in-
cluding relocations, expansions, contractions along range edges.
For a study to be included in the analysis, it had to discuss tem-
perature as a likely driver of distributional range changes (prefer-
ably by statistical association) and have a span of at least 5years,
as fewer temporal sampling points may increase bias of short-term
responses to climate fluctuations rather than long-term redistribu-
tion trends (Poloczanska et al., 2013). Studies looking at seasonal
distribution responses or being only concerned with response
predictions were excluded as this review is focused on histori-
cal long-term range changes. This review was limited to studies
reporting quantified measurements of spatial change in mean
latitude, either of centers of distribution (COD), or range edges
(mean maximum and minimum latitudes, or lower and upper 5th
latitudinal percentile), or estimates of depth changes (in meters)
over a defined time span. The final step (Table 2) selected studies
based on reliability of implemented methodologies. Studies were
included if their methodology included presence-absence data,

abundance data combined with another type of data, or molecular

Research

Search term Results  Type area

fish geograph* distribution 45 Articles Zoology
contract* temperature

fish geograph* range shift 210 Articles Zoology
temperature

fish geograph* range expan* 149 Articles Zoology
temperature

fish geograph* range contract* 44 Articles Zoology
temperature

fish geograph* distribution shift 280 Articles Zoology
temperature

fish geograph* distribution 168 Articles Zoology

expan* temperature
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Records identified from
Web of Science database: 896

FIGURE 1 Flow Chart representing
stages of the study selection process.
From the original 896 records found in the
bibliographic database Web of Science
with search terms shown in Table 1,
studies were scanned first by title and
abstract for eligibility, and further filtered

Records removed before screening on basis of title and abstract by criteria concerning methodology (see

Table 2). 23 additional studies meeting
criteria were retrieved from relevant
references, totaling a final of 39 articles
included in this analysis.

Studies excluded: 737

Duplicates: 475
Did not include marine fish: 262

Records assessed for eligibility on basis of manuscript: 169

Studies included after eligibility
search: 16

Studies meeting eligibility criteria
retrieved from references: 23

|

Total number of original studies
included in this review and
meta-analysis: 39

Studies excluded: 153

Did not investigate long-term distribution
shifts: 82

Prediction studies: 10

No clear measurement of distribution
responses: 47

Lack of appropriate methods: 14

TABLE 2 Study selection criteria. After removal of duplicates from the database search, five rounds of screening were performed
according to criteria concerning study focus and appropriate methodology, with the number of unique articles left after each selection

round shown.

No. of unique

Filtering number Study selection criterium Criterium description studies
1 Fish and marine ecotype Sampling marine fish 169
2 Range shift criteria Change in range over latitudes, distribution changes, long-term (min. 87
5years), not seasonal, no first sightings
No projections Exclude prediction studies 77
4 Clear measurement Calculated shift in latitude (by degrees or kilometers), e.g., of center 30
of distribution or range edges
5 Appropriate data type Abundance data combined with presence absence data (or clear 16
measurement provided), or other methods such as long-term
studies, tagging, or genetic molecular methods
methods or long-term tagging studies (at least 10years with at sample sizes and is prone to extreme outliers or misidentification.
least 10 individuals). Public science-based studies were only in- While sightings, including new sightings outside of previously
cluded if steps to reduce bias and false reporting were taken, such known population limits, have been suggested to confirm range
as verifying sightings by taxonomic experts. Reports based on new shifts or expansions (Fogarty et al., 2017), such measurements
sightings only were excluded, as this type of data usually has low should be treated with particular caution due to increased chance
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of detection bias and representing outliers (Brown et al., 2016).
Accordingly, due to their reduced spatial and temporal resolution,
many studies based on sightings failed to meet the minimum se-
lection criteria. To avoid biases due to local population abundance
changes, we excluded estimates based on changes in relative com-
munity composition and species richness or stemming solely from

abundance data with sparse time points (less than 5years).

2.3 | Data collection process

After the filtering process, an extraction sheet with variables of
interest (described under Data Items) was created (Supporting
Data S1). We pilot-tested five records and refined the sheet accord-
ingly. In cases where variables were provided only in graphical rather
than numerical representations (either not provided or authors were
unresponsive to requests), numeric data were extracted manually
from graphs using WebPlotDigitizer version 4.5 (Rohatgi, 2021).
Numerical values of distribution responses over time, obtained by
digitizing raster maps, were used to calculate latitudinal changes by
fitting simple regression models between yearly mean latitude of
species presence data and sampling years. For temperature, yearly
temperature values were extracted from available graphs and fit-
ted into linear regression models to obtain estimates of annual tem-
perature change (°C year ) if not provided in the original articles; for
studies comparing cold versus warm periods, yearly estimated mean
values for each period were calculated, to then compare the differ-

ence in cold periods relative to the warm periods.

2.4 | Dataitems
Information from each study was extracted covering the following:

1. Species name (scientific and common), their habitat (demersal,
pelagic, or reef associated) and niche affinity (deep-water,
polar, temperate, or tropical), and commercial exploitation
status, as provided by the study or otherwise sourced from
the online fish catalog fishbase.org (version 02/2022); infor-
mation on taxa and life stage, for example, whether sampled
individuals were bony or non-bony fish and life stage (eggs,
larvae, juveniles, or adults); and whether fish were marine
exclusive or diadromous;

2. Whether a latitudinal redistribution was observed and the type
(range shift, expansion, or contraction) and direction (north,
east, south, west-wards, and whether this constituted a pole-
ward direction);

3. Whether depth changes were recorded and if changes were sig-
nificant and according to temperature predictions with deeper
or shallower depth changes;

4. Temperature and its measurement type (sea surface or bot-
tom water temperature), whether temperature was statistically
tested for association with range shifts and whether it was a

S i ey

significant predictor of the changes; as well as yearly tempera-
ture change, as reported for sampling locations or approximate
study area. If temporal temperature data were not provided,
monthly sea surface temperature (SST) estimates in 1° resolu-
tion for each sampled raster grid within each study's duration
were derived from the Hadley Centre Global Sea Ice and Sea
Surface Temperature dataset (Rayner et al., 2003);

. Whether other significant predictors of distribution changes,

such as chlorophyll-a concentrations, ocean currents, pH, and
oxygen concentrations in addition to water temperature, were
identified by the study;

. Methods of measurement which were classified into three cat-

egories: observations based on abundance data (A), presence-
absence data (P), or a combination of both (AP), where we
expect abundance-only data to bias toward lower range shift
estimates as it is less influenced by potential outliers as in occur-
rence data. For the study by Husson et al. (2022), of which raw
data were obtained for 29 species, two sets of LRS estimates
were included in this study—one set of COD estimates weighted
by abundance data and another weighted by presence-absence
data, totaling 58 entries included in further analyses. We also
considered which portion of a species' range was measured—
the center (usually as the mean latitude or abundance weighed
centroid), the leading or trailing edge (the upper and lower per-
centiles of a species distribution range), as we expect faster re-
sponse rates at the leading front and center compared to the

trailing edge;

. If and how the overall size of shift (OSS) in depth and longitude/

latitude was provided in a quantifiable form (e.g., °latitudes,
kmyear %, or km°C™?). Some studies provided only combined av-
erages for grouped species (such as by habitat affinities) either
for latitudinal and depth or latitudinal changes only and were
marked appropriately (OSS., OSS.., respectively), which may
reduce accuracy and statistical power in further meta-analyses.
Distinguishing between different OSS reporting approaches
(single or multi-population averages) allowed to test for their
potential effect on reported distribution responses, as averages
from multiple taxa are expected to be less accurate. Studies were
further divided into three categories according to sampling fre-
quency: those which measured distributional and temperature
changes annually, irregularly (e.g., excluding some years during
the study period), or between two points in time, such as studies
which divided the study period into cold and warm years accord-
ing to yearly temperature anomaly estimates and based further

analyses on the comparison between cold and warm years;

. Yearly rate of change in latitudinal, longitudinal range and depth,

with estimates standardized into kmyear™* and myear™, respec-
tively, by extracting means from manuscripts or fitting linear
regressions of yearly shift estimates if not provided. Where
range shifts were reported in degrees, the result was con-
verted into kilometers by the approximate conversion of 1 °lati-
tude = 110.574 km. While many studies reported shifts along the
west-east axis, only six separate longitudinal response estimates
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could be extracted, thus further analysis focused on latitudinal
and depth shifts. Annual latitudinal range shift (LRS) rates were
represented relative to poleward direction, where positive val-
ues represent poleward shifts and negative values represent
shifts toward the equator. Positive depth shift estimates repre-
sent increasing depth and negative decreasing depth;

9. Data on the mean coordinates and sampling area size (in km?):
where not provided, approximate estimates were estimated
based on extracted sampling map coordinates;

10. Location (continent, sea, or ocean) of the respective study and
the number of sampled years. All data items were extracted sep-
arately where studies subdivided sampling location and time pe-
riods. For example, in the case when studies divided population
distributions within an ecoregion into different areas, for exam-
ple, round fish areas in the North Sea (Bluemel et al., 2022) or
subregions in the Eastern Pacific based on fishing management
areas or local oceanographic conditions (e.g., Li et al., 2019).
Separate data entry points for analyses in this study also con-
stituted instances of divided study periods, reflecting relevant
temporal trends in biomass, or (seasonal) water temperature
fluctuations (e.g., Bell et al., 2015; Bluemel et al., 2022);

11. Type of sampling method used to calculate distribution location,
either from fisheries, such as through trawling, or from cameras
and diving records, tagging studies, observations from long-term
sightings, revision of historical records or information from ge-
netic molecular analyses. Methods were grouped into trawl (486
observations), historical records (64), diving surveys (snorkel or
camera, 9), tagging (3), or other fishing methods (33); and

12. The number of species per study investigated; and, depending
on type of data collection method, the sample size in number
of individuals collected, such as in tagging-recapture stud-
ies (e.g., Hammerschlag et al., 2022; Neat & Righton, 2007),
reports based on long-term sighting records (e.g., Kumagai et
al., 2018) or using population genetic techniques (e.g., Knutsen
et al.,, 2013); and the yearly average of stations fished, such as in
studies relying on abundance data from trawling surveys, were
extracted. All data are provided in Supporting Dataset S1.

2.5 | Summary measures

The aim was to estimate standardized responses of latitudinal and
depth shifts in marine fish distributions over time from studies that
used a diversity of measurement methods. The meta-analyses were
performed by selecting multivariate models with random effects,
with the best models chosen according to likelihood ratio tests. We
included ‘Study’ as a random effect to account for multiple estimates
derived from the same paper. The primary analytical unit was the es-
timate for a given species or group of species of distance in latitude
moved per year (LRS; km year™) in response to temperature. As the
dataset to which the full model was fitted was reduced to 179 data
points (which had estimates of both LRS and presence or absence
of depth shifts), not all collected variables could be tested to avoid

overfitting. We separately tested the effect of rate of depth change
(myear'l, 72 estimates), sampling method (trawl, historical records,
diving surveys, and other fishing methods), and geographical loca-
tion (the ocean basin of study site) on LRS estimates by fitting simple
mixed-effect models with study as a random effect.

Factors which may affect LRS in response to ATemperature (°C

year'l) and were tested in linear mixed-effect models included:

a. Methodological factors: OSS reporting—whether shifts were re-
ported per species (1) or groups of species for latitude and depth
(C) or latitude only (C*); Data type—abundance (A), presence-
absence (P), or their combination (AP); Years sampled—number
of study years for which data were obtained; First study year;
Area size (geographical area of sampling locations in km?); Marine
exclusivity—whether the taxa were diadromous or exclusively
marine-dwelling; Number of species; Study sampling frequency—if
data were collected every year (yearly), not for every year within
the study period (irregular), or compared between two time peri-
ods; and Non-temperature predictors, a binomial factor indicating
whether the study identified any other non-temperature predic-
tors (which were not tested separately in this study due to low
sample sizes);

b. Ecological predictors: ATemperature, the annual rate of tempera-
ture change (°C year™), to investigate whether degrees of distri-
bution responses correlate with rates of temperature changes, as
one might expect higher rates of temperature warming to provoke
increased range shift responses; Niche (four categories: deep-
water, polar, temperate, tropical); Depth change (binomial factor
indicating whether depth change occurred or not); Commercial
exploitation status, Mean study latitude and Habitat—seven cate-
gories (bathydemersal, bathypelagic, benthopelagic, demersal,
pelagic-neritic, reef associated) grouped into pelagic, demersal,
and reef associated. Taxonomy included five groups: bony fish, bony
fish(eggs), bony fish (juvenile), bony fish (larval), and non-bony fish;
Range location was either center, trailing, or leading edge of a dis-
tribution range. Testing of additional variables or interactions, such
as between Depth change and Niche or ATemperature was limited
by number of data points included (n=179) after filtering for both
estimated LRS and presence or absence of depth change. To inves-
tigate the effect of depth changes on latitudinal range changes, ini-
tially annual depth change rates (myear™) were included, however,
the former yielded small model sample size (1=72) and was thus
replaced by the binomial Depth change predictor (n=179), as many
studies investigated the occurrence of depth changes without esti-

mating rates.

The best model was selected by a back-ward selection process,
starting with the “full” model (Equation 1) and reducing predictors
until the best configuration was identified based on the lowest
Bayes information criterion (BIC), calculated in the ImerTest package
(v3.1-3, Kuznetsova et al., 2017) by maximum likelihood method.

From the full model, one outlier (i.e., one population's response
estimate) identified with a Bonferroni outlier test was removed
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(Bonferroni p<.001), which improved model likelihood (Alog-
Lik=5). Log-transformations to improve data normality were in-
cluded for numerical predictors if model fit was improved. For each
model (Table S2), log-likelihoods, p-values were calculated using
Satterthwaite's approximations and three-way ANOVAs were per-
formed for model comparison in the ImerTest package. The assump-
tion of residual normality was determined to be satisfactory by
visually inspecting residual and QQ plots.

For the best fitting model, marginal and conditional effect sizes
(R?) for mixed-effect models were calculated in the MuMIn package
(v.1.46.0, Barton & Barton, 2015) according to Equations (1) and (2),
respectively. The marginal R? represents variance explained by fixed
predictors, while the conditional statistic shows the variance explained
by both fixed and random effects, f representing the variance of fixed
effects, a the variance of random effects, and e the observation-level
variance (Nakagawa & Schielzeth, 2013). Relative contributions of pre-
dictors to explained variation in range shift rates were compared by cal-
culating partial marginal R? estimates (Nakagawa & Schielzeth, 2013).

2
2 o°f

N = —
marginal 0.2( + O.Za + O-ZE

(1)

2 2
R2 _ o +0°,
conditional —

_— (2)
62+ 02, + 0%

The same model selection procedure was performed to identify the
best model for depth change responses. After removing two out-
liers we fitted the full model to 104 observations, which included
ATemperature, Data type, Niche, Habitat, Commercial exploitation status,
Sampled years, Mean study latitude, and Range location. For the signif-
icant predictors according to BIC partial effects were estimated and

plotted, estimates are reported in Table S4.

2.6 | Effect size estimation by correlation
coefficients

The relationship between temperature change and LRS was quantified
by extracting correlation coefficient (r) values from retrieved studies.
Where coefficients were not reported, numerical values were obtained
by digitizing figures when available and performing linear regressions.
We used Fisher's z transformation to calculate a standardized effect
size for each individual observation, where z=0.5xlog[(1+r)/(1-1)].
The variance of z was calculated as 1/v(n-3) (Borenstein et al., 2009),
where n corresponds to sample sizes which were normalized, as they
originated from studies reporting either the number of individual fish
caught or trawled stations and constituted different value ranges.
The overall significance of the temperature-LRS relationship
was assessed by a random-effects model in R package metafor
v.3.8-1 (Viechtbauer, 2010) using the transformed effect sizes. We
assessed the heterogeneity within significant predictors with identi-
fied by the best multivariate model by an inverse-variance-weighted

S i ey

hierarchical mixed-effects meta-regression of z, including Study as
a random effect to account non-independence of multiple observa-
tions within a single study. Among categorical predictors from the
best fitting model, only Data type and Niche category had sufficient
data (>1 r estimates per level). All parameters were calculated using
maximum likelihood, which is preferred when fitting hierarchical
mixed-effects models (Zuur et al., 2009).

We combined effect sizes across all studies for each Data type
and Niche affinity to obtain the mean effect sizes which represent
the weighted average of relationships between temperature and
LRS. As the conditional variance is inversely related to n, studies
with larger sample sizes had a greater weight. Effects were con-
sidered statistically significant if the 95% confidence interval (Cl)
did not include zero. Back-transformed z values to correlation co-
efficients were plotted for each data type and niche, where posi-
tive r values indicate increasing latitudinal change (kmyear™) per
°Cyear™.

2.7 | Assessment of methodology

Summary statistics for the frequency of publication years, mean
study period, and mean study area size with standard deviations
were calculated. Methodological aspects of investigated studies,
such as the type of data used to calculate range shifts, and how and
if LRS was reported, were summarized.

To identify geographical publication biases, studies were grouped
into locations (North Sea, Barents Sea, Northwest Atlantic, East
Pacific, Bering Sea, Yellow Sea, Southwest Atlantic, central Indian
Ocean, central Atlantic, and central Pacific) based on their central
coordinates of sampling area and visualized on a map with frequen-
cies representing number of studies per location. Study locations in
central Indian, central Atlantic, and central Pacific originated from
a single study (Worm & Tittensor, 2011) which had large sampling
areas. Total numbers of each type of range change (shift, expansion,
or contraction), and direction of shift (north, south, west, and east)
of retained population responses (n=595) were calculated. Trends
of shift directions were reported as the proportion of populations
per location moving in either of the four directions.

To assess potential publication bias, a funnel plot and regression
of the effect sizes (reported LRS estimates) on sample sizes (n) was
computed. Depending on the study method, n was either the total
number of fish sampled per population or average number of sta-
tions per year trawled. Symmetry of the funnel shape was inspected
visually and tested with a regression of effect sizes (y) on 1/vn (Tang
& Liu, 2000), where p-values below significance threshold (¢=0.05)
suggest potential publication bias (Figure S2a,b). While for funnel
plot regression analyses the weighted standard error of effect sizes
is most commonly used (e.g., Egger's test; Egger et al., 1997), this
measure was not available for most studies and was replaced by
sample size in Tang and Liu's test (2000), which addresses the in-
flated false positive rates associated with the former regression test
(Jinetal.,, 2015).
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FIGURE 2 Map of sampling locations and sizes with type of range shift. From articles included in this review (n=39), study locations were
grouped into 11 locations which are represented by pie charts. Cumulative number of species sampled per location is shown as pie chart
circle size, with number of studies per location denoted as n. Type of range change is color-coded: range shift (orange), range expansion (red),
range contraction (blue), no change (green), and shown in proportions from total counts of sampled populations per location. Arrows indicate
proportions of populations per location moving along four directions (north, east, south, and west). Black points represent the center of
individual study sampling locations. Range shift estimates from multi-species estimates (n=92) were excluded. Asterisks (*) indicate the
same single study by Worm and Tittensor (2011) covering most of the Pacific, Atlantic and Indian oceans.

Average LRS estimates were expressed in medians and respec-
tive interquartile ranges (IQRs), that is, the difference between the
upper lower quartile range of the data, due to the tendency for
the data to have skewed distributions and outliers. For predictors
from mixed-effect models, marginal effects () were reported with
95% confidence intervals (package marginaleffects v.0.9.0, Arel-
Bundock, 2023). Data were analyzed and visualized in R (version
4.2.3; R Core Team, 2023).

3 | RESULTS
3.1 | Study selection

A total of 39 studies were identified for inclusion in the review
(Table S1; Alheit et al., 2012; Bell et al., 2015; Bluemel et al., 2022;
Champion et al., 2021; Chust et al.,, 2019; Dulvy et al., 2008;
Engelhard et al., 2011, 2014; Fossheim et al., 2015; Fowler et al.,
2017; Fredston-Herman et al., 2020; Hammerschlag et al., 2022;
Han et al., 2021; Hsieh et al., 2008, 2009; Hughes et al., 2014;
Hurst et al., 2012; Husson et al., 2022; Kotwicki & Lauth, 2013;
Kumagai et al., 2018; Last et al., 2011; Li et al., 2019; Mueter &
Litzow, 2008; Neat & Righton, 2007; Nicolas et al., 2011; Nye
et al., 2009; Olafsdottir et al., 2018; Overholtz et al., 2011; Perry
et al., 2005; Pinsky et al., 2013; Rose et al., 2000; Sabatés et al.,
2006; Smith et al., 2018; Swain & Benoit, 2006; van Hal et al,,
2010; Vestfals et al., 2016; Worm & Tittensor, 2011; Yasumiishi
et al., 2020; Yemane et al., 2014). The search of Web of Science
databases provided a total of 896 records. After adjusting for du-
plicates and studies which did not include marine fish, 169 studies

remained. Of these, another 153 studies were discarded during

the filtering process through reviewing the abstracts and examin-
ing article methods in detail. An additional 24 studies that met the
criteria for inclusion were identified by checking the references
of relevant papers and searching for studies that have cited these

papers (Figure 1).

3.2 | Geography

The average sample size across the 11 major locations was 54.1
(+39.3) species per location, with more than half (77%) of all popula-
tions displaying a range shift, of which 16% expanded range, and 9%
contracted their range, when excluding multi-species LRS estimates
(Figure 2). Overall, more than half (54%) of the populations moved
poleward, particularly in Asia (4 of 4), Australia (50 of 55), the North
Sea (52 of 80), the Bering Sea (40 of 56), and the Barents Sea (49 of 59).
Regarding longitudinal shifts, populations shifted overall eastwards
(median=1.7km year‘l; IQR=11.8, n=6). While in some regions such
as in the East Pacific, central Atlantic and Indian oceans responses
were less significant or multidirectional (Figure 2), many studies in-
vestigated movements only across the north-south axis, which could
have biased lower frequencies of shifts on the east-west axis.

When comparing individual LRS rates among major geograph-
ical locations, the southwest Pacific (Australian coast) had by far
the fastest latitudinal range changes (medianLRS=20.7kmyear’1;
IQR=11.9), followed by the North Atlantic (median s=8.5km year™;
IQR=18.4) and South African populations (median, zs=7.6km year™;
IQR=17.0). In the Northeast Pacific, marine fish shifted around
0.8kmyear? (IQR=0.1; n=5), while the Bering Sea saw shifts
of 1.0 kmyear’1 (IQR=2.5, n=57), and the Northwest Atlantic
3.2kmyear* (IQR=3.9, n=61).
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3.3 | Methodology

The mean study duration was 41 (+49) years, at a sampling area
size of 356,628 (+358,127) km? on average. Strong geographical
bias of study location was observed—half of the studies originated
from North America, with almost a third (31%) performed in Europe.
Australia, Asia, and Africa had less representation with 11%, 6%, and
3% of the identified research articles, respectively. No eligible re-
ports from South America and Antarctica were identified.

Most frequently investigated taxa were classified as tropical
(n=465), followed by temperate (n=52), deep-water (n=37), and
19 polar populations (Figure S1). The most frequently studied fish
families included Pleuronectidae (n=80, particularly Microstomus,
Atheresthes, Eopsetta, and Pleuronectes spp.), Gadidae (n=52, Gadus,
Melanogrammus, Pollachius spp.), Scombridae (n=28, Scomber and
Thunnus spp.), Rajidae (n=21, including Amblyraja radiata and
Leucoraja spp.), and Sebastidae (n=18 such as Helicolenus dacty-
lopterus, Sebastes spp.).

Nearly 80% of studies implemented statistical tests to investi-
gate range shift association with temperature changes, and assessed
range changes annually (Figure 3), with only few studies measuring
changes irregularly or comparing two time periods. From those stud-
ies confirming range shifts, most reported LRS sizes for individual
species (77%), with four reporting combined shift sizes for groups
of at least two species. The most common types of data used across
studies included abundance (81%) and presence-absence data (67%),
which in some studies were used in combination. Most samples orig-
inated from trawling (74%) or other fishing data, while 10% and 5%
of studies revised historical occurrence records from literature and
carried out tagging-recapture experiments, respectively.

From visual inspection of funnel plots of regressed LRS effect
sizes on sample sizes, there was little evidence for risk of publica-
tion bias, particularly when the sample size proxy was individuals
sampled per population (Figure S2a). Although a regression test sug-
gested significantly asymmetrical funnel shape (F11152=396; p=.048)
when expressing n as mean yearly rate of stations trawled, this proxy
provided considerably less resolution of effect size distribution due
to sampling of multiple populations with high heterogeneity in LRS

across the same fishing stations (Figure S2b).

3.4 | Factors affecting range shift estimation

The best model (ABIC=53.4 compared to full model) included eco-
logical predictors ATemperature, Niche, Depth change, and Mean
study latitude and methodological variables OSS reporting, Data
type, First study year, and Other predictors (Table S2). The model
had an intermediate effect size when considering only fixed effects

2
(R margina
variance in range shifts, and combined ecological factors accounting

,=0.30), with methodological factors explaining 10% of the

for 7%, while niche affinity had the highest single proportion of 13%
(Table S5; due to shared variances, individual predictors did not add
up to total marginal variance).
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From the filtered dataset for outliers, from which the highest
likelihood model was fitted, 179 individual population-wise LRS es-
timates were retained, while 92 entries provided LRS estimates for
grouped populations, such as species combined into assemblages
according to niche or temperature affinity (e.g., Dulvy et al., 2008; Li
et al., 2019; Pinsky et al., 2013). LRS was on average higher among
studies which reported range shift sizes for individual populations as
compared to those that grouped populations (Figure 4c); and lower
when based on occurrence data compared to those derived from
abundance data or a combination of the two (Figure 4d). Moreover,
estimates tended to be lower if studies started in earlier years
(Figure 4h). As sea temperature significantly increased over the
years (ANOVA test: F, 5,,=9.81, p=.002) and was positively cor-
related with LRS, this effect might be rather due to methodological
biases, driven by significantly earlier study start among the fastest
shifting temperate and tropical species, as study timing differed sig-
nificantly among niche affinities (ANOVA: F345=34.8,p< .001).

Range shift estimates were lower in studies which found sig-
nificant effects of other non-temperature predictors (Figure 4e).
Besides temperature, the most common explanatory variable for
changes in marine fish ranges included oceanic oscillation indexes
such as from the Atlantic and Pacific oceans, which was reported
nine times across reviewed studies (Table 3). Other factors included
abiotic marine factors such as ocean currents, salinity, depth and
chlorophyll-a concentration (n=9), and exploitation by fishing (n=7).
Density dependence was mentioned five times, which in some cases
had larger effect sizes than temperature.

For individual estimates, the rate of latitudinal shifts was greater
in populations which did not change mean depth ($=9.68 kmyear™;
95% Cl (6.54-12.82); p<.001), compared to populations which were
reported to shift their depth distribution ($=6.58 kmyear™; 95% CI
(3.47-9.69); p<.001; Figure 4b). The deeper populations moved, the
less latitudinal change was observed (f=-3.95 kmyear‘1 for every
meter in depth increase, p<.001, Figure 5e). LRS increased with
annual temperature change, with tropical taxa moving the fastest
at 18.46km C* (95% CI (14.62-22.3); p<.001), while deep-water
populations were the slowest at 8.23km C?t (95% CI (4.95-11.5);
p<.001; Figure 4a), the latter having the highest proportion of non-
poleward shifts (43% of responses). Responses also varied with a
population's geographical location, as LRS estimates were highest
among high-latitude taxa (Figure 4g).

The positive correlation between LRS and temperature change
was supported by weighted means of correlation coefficients, with
a grand mean effect size of 0.29 (95% Cl (0.16-0.43)). The effect of
temperature on climate responses varied as a function of niche and
the type of data used by studies, with polar taxa showing nearly a
twofold larger correlation coefficient (r=.53) compared to temper-
ate counterparts (Figure S3).

Although not included in the final model, differences
in responses between range locations were observed with
leading edge populations moving poleward the fastest (median-
LRS=7.2kmyear’1) compared to trailing and center populations
(4.2 and 1.6kmyear™, respectively; Figure 5a); and exploited
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FIGURE 3 Frequency of methodological aspects across studies. Colors indicate counts for the complete dataset (dark) from 39 retained
studies yielding 595 range shift responses to temperature change, or the data included in multivariate models (light) to test latitudinal range
shift responses (12 studies with 179 observations). The reduction from 342 latitudinal shift estimates was due to only 179 observations
investigating depth changes (e). Plots show (a) data acquisition method; (b) sampling frequency: whether sampling every year, sporadically or
comparing two time points; (c) data type: based on abundance (a), presence-absence data (P) or a combination of the two (AP); (d) whether
the study performed statistical analyses to confirm temperature effects on range shifts; (f) mean current latitude of sampling area; (g) first

year of study period; number of sampled years (h) and taxa (i).

populations moving slightly less (2.1 kmyear™®) than non-exploited
counterparts (3.0km year’l; Figure 5c). Bony juvenile fish shifted
poleward faster (15.2kmyear™) than adults (2.8 kmyear™), while
non-bony fish on average moved equatorward by 0.2 kmyear™
(Figure 5j).

Variance in depth changes was best explained by niche affin-
ity (18% of variation), commercial exploitation status (7%), posi-
tion within the range distribution and rate of temperature change
(3% each), as well as data type (28% of variance), according to the
best model which explained overall 47% of the variance in depth
responses (ABIC=12.6 between full and final model). Depth shifting
populations (n=104) moved to overall shallower depths with higher
rates of temperature change (Figure 6b), while non-exploited species
deepened their distributions significantly faster ([i=1.96myear'1;
95% Cl: 1.3-2.6) than exploited taxa (0.59 myear™}; 95% Cl: 0.9-3.4;
Figure 5d).

Studies estimating depth changes based on abundance data
found overall decreasing depth responses, while abundance-
occurrence data tended to suggest increasing depths (Figure 6c).
Individuals at the trailing edge of population distributions were
showing the largest move toward deeper waters (Figure 6a), partic-
ularly among deep-water species. Tropical taxa showed the slowest
depth responses, with shallowing trends at the center and leading
edge (Figure 5a). Out of 104 estimated depth shift responses, the
majority (73%) shifted in the direction as expected from tempera-
ture changes (i.e., to cooler waters).

4 | DISCUSSION

We found that the majority of fish populations have responded
to thermal warming with a poleward change in their geographical
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FIGURE 4 Latitudinal range shift predictors. Partial effects of fixed predictors included in the final mixed-effect model

(DABICt 1 final model = 23-4) explaining latitudinal range shift (LRS; km year ) in response to temperature in marine fish. Points indicate predicted
means, and bars and grey shading the 95% confidence intervals. Positive LRS estimates indicate poleward shifts, while negative estimates
represent equatorward movements. OSS reporting method had two categories for studies reporting LRS either for taxa individually (single)
or the mean of multiple taxa (grouped). Data type was either abundance (A), presence-absence data (P) or a combination of the two (AP).
According to temperature change estimates from included studies, tropical populations experienced the slowest yearly temperature increase
(0.02+0.02°Cyear™), followed by deep-water (0.03+0.03°Cyear?), temperate (0.04 +0.03°Cyear™) and polar taxa (0.05+0.1°Cyear™).

TABLE 3 Frequency of other significant predictors of range
changes. Predictors other than temperature with significant effects
on redistribution in the 39 reviewed studies were summarized into
the shown categories, and counted as unique occurrences across
studies (n).

Other identified predictors n
Oceanic oscillation indexes 9
Other oceanic variables (currents, salinity, depth, chlorophyll-a 9
concentration)
Fishing pressure 7
Population abundance/density dependence 5
Reproductive (recruitment, spawning stock biomass, buoyancy) 3
Food availability 1

distribution (Figure 2), which is consistent with forecasts for
future responses to further climate change (Garcia Molinos
et al.,, 2015; Schickele et al., 2020). Importantly, however, we
also found substantial heterogeneity in degree and direction
of biogeographical shifts (Champion et al.,, 2021), which was
influenced by both ecological factors such as niche and depth
changes, and methodological factors associated with data

collection and reporting (Figure S3).

4.1 | Ecological factors influencing
distribution responses

We found a significant positive correlation between rate of LRS
and latitude which bolsters previous findings by Lenoir et al., 2020,
confirming the expectation of faster poleward movements in
the Northern Hemisphere where oceans have been warming at
faster rates than in the South (Friedman et al., 2013). However,
mean current latitude explained only 2% of the variance in LRS,
while niche affinity was a more important predictor of latitudinal
and depth shifts globally. Results also show that tropical species
shift latitudinally more rapidly (Chaudhary et al., 2021; McLean
et al, 2021) in response to warming than other marine fishes
(Figure 4a), with disproportionate poleward movements (Figure 2).
This is consistent with high sensitivity to temperature change in
stenothermic species with narrow thermal tolerance limits and
restricted spatial ranges, such as tropical species inhabiting shallow
waters close to their tolerance limits (Storch et al., 2014). Indeed,
we found that reef-associated fish tended to display the most rapid
latitudinal shifts compared to other habitat affinities, although this
trend was not significant (Figure 5b). Other studies have shown that,
in comparison to temperate fish, tropical species may have increased

sensitivity and lower adaptability to thermal increase (Comte &
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Olden, 2017; Nati et al., 2021) and may thus be more likely to shift
distributions to track suitable thermal habitat.

Changes in depth in response to warming influenced rate of
LRS, with depth shifting taxa on average moving latitudinally by
3.95kmyear™ less for every meter in depth increase per year. This
suggests that fish populations might not need to shift horizontally
if they can adjust their depth to track their favorable temperature
niche (Hollowed et al., 2007), which was demonstrated in ground-
fish finding thermal refuge across rugged seabeds and canyons
in the Western Gulf of Alaska (Li et al., 2019) and illustrated by
tropical species having the slowest and shallowing depth changes
(Figure 6a). In line with predicted narrow temperature tolerance
limits of stenotherms (Storch et al., 2014), we found polar species
to experience some of the fastest increases in depth of occur-
rence. It is well established that polar fish communities can expe-
rience rapid and disruptive community structure changes due to
arrivals of poleward shifting boreal species (Fossheim et al., 2015;
Frainer et al., 2017). Experiencing the fastest temperature increase
(Stocker, 2014), but being limited in poleward expansion due to
the edge of the sea shelf (Wassmann et al., 2006), arctic fish spe-
cies might depend on moving to deeper waters as a last resort to

avoid extirpation (Fossheim et al., 2015). Although leading edges
showed faster poleward LRS rates compared to the trailing edge
and center (Figure 5a), this difference was not significant, which
is in line with previous findings suggesting similar warming sensi-
tivities at opposite distribution fronts (Brown et al., 2016; Lenoir
et al., 2020; Sunday et al., 2012), but in contrast to other reports
(Poloczanska et al., 2013). Interestingly, faster depth increases
were observed at the trailing edge across all niches (Figure 6a),
despite similar rates of warming at the trailing and leading edges
(meanAtemperature=O.03°C year ™), suggesting that depth responses
at contracting range fronts may be a response to other drivers.
While additional drivers such as habitat and prey availability or
resource competition for these responses were not investigated
by studies, we found that commercially exploited species changed
their mean depths at lower rates than non-target counterparts
(Figure 6d). Restricted responsiveness to climate change in ex-
ploited populations might be due to reduced ability to establish
in new areas due to localized effects of fishing pressure on abun-
dance and age structure (Rindorf & Lewy, 2006), which has been
observed in fish stocks globally (Engelhard et al., 2014; Hsieh
et al., 2008; Last et al., 2011).
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Other factors, such as life stage and taxonomy, were not found
to significantly affect latitudinal range shift response, even though
sensitivity to warming is thought to be partly dictated by thermal
tolerances changing throughout the marine fish life cycle (Killen
et al., 2007; Portner & Farrell, 2008; Whitney et al., 2013). Early
life stages, embryos in particular, are most sensitive with their ther-
mal limit being on average 8°C lower than in other stages (Dahlke
et al., 2020), and are likely a major predictor of population responses
to warming (Dahlke et al., 2020). Although we found faster range
shifts for larvae and juveniles compared to adult fish, our infer-
ences might have been affected by limited statistical power and
unequal sample sizes (15 and 254 population responses, respec-
tively). Similarly, the number of responses for anadromous ma-
rine species was limited (npopula“ons=14, mostly Oncorhynchus spp.
(n=38); Fredston-Hermann et al., 2020; Mueter & Litzow, 2008; Nye
et al., 2009; Yasumiishi et al., 2020). Thus, robust empirical data of

more diverse marine life stages or life cycles could facilitate import-
ant hypotheses on non-adult temperature response outside labora-
tory settings (but see Barbeaux & Hollowed, 2018) or inferences of
potential range shift limitations in diadromous fish species due to
affinity to natal homing grounds (Hare et al., 2016).

4.2 | The effects of variable study methods

Both LRS and depth responses were greater when estimated
from both abundance and presence-absence data together than
from abundance data alone (Figures 4d and 6c). Abundance data,
mostly obtained from fishery or research trawling data, such as
from the Nansen Survey Program in Namibia and Angola (Yemane
et al.,, 2014), has been widely used across population distribution
literature as it is thought to represent the whole population
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range, and to be less sensitive to search effort and misleading
outliers (Brown et al., 2016). While fishery survey data can provide
temporally and spatially high-resolution data, and decade-long
records can be conveniently retrieved for new analyses, its frequent
usage has created publication bias toward commercially important
fish species in the northern hemisphere (Figure S1). Alternatively,
recent studies measuring changes in range limits, such as by
Fredston-Hermann et al. (2020), use only presence-absence data to
infer changes in leading and trailing edges in the Northwest Atlantic,
arguing that abundance data do not truly reflect potential changes
of species ranges, but is rather confounded by density dependence
effects through abundance changes caused by non-climatic factors
such as fishing (Quinn & McCall, 1991). However, abundance and
climate driven distribution shifts should be possible to distinguish
by direction of shift: the former should be unselective in direction
while the latter is expected to move along the temperature gradient.
In line with findings by Brown et al. (2016), we observed that studies
incorporating occurrence-based data had substantially higher range
shift estimates than those using abundance data only, suggesting
that presence-absence data may be more sensitive to outliers.
Although response estimates from presence-absence data only were
lower than estimates derived from a combination of occurrence and
presence-absence data, all former observations originated from one
single study and should thus be interpreted with caution.

Previous climate response syntheses have argued that single-
species studies confirming range shifts consistent with warming
may be more likely to be published and thus bias meta-analyses
(Parmesan, 2007). While we did not identify publication bias due
to low numbers of investigated species or sampled years, we found
that range shift estimates reported as the average of multiple taxa
were lower than those derived from individual species estimates.
This could be due to random bias due to lower sample size in the four
studies from which all group-wise estimates were obtained (Dulvy
et al., 2008; Li et al., 2019; Perry et al., 2005; Pinsky et al., 2013)
or indeed indicate that single-taxa studies are over-represented
(Figure 3i). Unexpectedly, estimates of LRS decreased with date of
the first study year (Figure 4h), which likely reflects methodologi-
cal biases of earlier and longer reporting history of faster shifting
temperate and tropical taxa. This also highlights that climate re-
sponse studies for deep-water and polar species encompass shorter
and more recent time periods, possibly biasing climate response
estimations.

Contrary to expectations, we found only a weak negative ef-
fect of study area size on LRS values (Figure 5f). A plausible source
of distributional response variation is the geographical scope of
each study, with spatial sampling extents varying widely, and often
spanning across whole oceans (e.g., Worm & Tittensor, 2011). The
common assumption of marine ecosystems being almost barrier
free with species generally occupying all thermally suitable areas
(Sunday et al., 2011) has been challenged by accumulating evidence
of local population subdivision due to a wide range of biotic and abi-
otic factors (Baker & Hollowed, 2014; Barbeaux & Hollowed, 2018;
Sandoval-Huerta et al.,, 2019; Sherman et al., 2008) which likely

causes variation in exposure and responses to water temperature
changes (Poloczanska et al., 2013). Only a few studies have ac-
counted for subregional differences in topography and oceanic fac-
tors such as currents or salinity gradients, which all might delineate
divisions across marine species distributions (Kleisner et al., 2016;
Marshall et al., 2016; Momigliano et al., 2019). For example, a study
in the Northeast Pacific by Li et al. (2019) demonstrated significant
heterogeneity in marine fish responses to marine warming due to
subregional topography and geography characteristics. Other stud-
ies have measured shifts separately for identified central population
areas based on ecologically relevant locations, such as known breed-
ing grounds (Bluemel et al., 2022). A promising tool to investigate
heterogeneity in range shift responses is genetic molecular tech-
niques which help delineate cryptic diversity (Jokinen et al., 2019)
and estimate dispersal velocity of locally adapted genotypes
(Jonsson et al., 2018). These techniques may improve response pre-
dictions and infer historic range changes and migration routes for
both ancient and contemporary distribution responses (Knutsen
et al., 2013; Robalo et al., 2020; Spies et al., 2020), although such
genetic applications to climate range shift research are still scarce.
The variation in species' responses to climate change has been
addressed through various predictors such as local adaptation
(Jonsson et al., 2018), phenotypic plasticity (Donelson et al., 2019;
Reusch, 2014), species interactions (Figueira et al., 2019; Torres
et al., 2008), food availability (Fossheim et al., 2015), and even
social behavior (Smith et al., 2018). In some marine fishes, the
likelihood of successful range expansions and colonization of new
habitats was explained by species-level traits such as dispersal
ability and being a generalist (Sunday et al., 2015), although trait-
based range shift forecasts seem to have generally little explana-
tory power (Angert et al., 2011). While the majority of reviewed
studies investigated (but not always statistically tested) tempera-
ture as the sole predictor, a significant proportion of climate re-
sponse variation is likely explained by a multitude of climatic and
biotic factors instead of temperature alone (McHenry et al., 2019).
For example, some studies suggest that range shifts may be driven
by abundance changes, as density dependence may lead to range
expansions during high abundance and vice versa (Kotwicki &
Lauth, 2013; Olafsdottir et al., 2018; Swain & Benoit, 2006; Worm
& Tittensor, 2011; Yasumiishi et al., 2020). Our results suggest
that marine range shift estimates from single-predictor studies
focusing solely on temperature were higher than those originat-
ing from studies which identified at least one additional driver to
temperature (Figure 4e), possibly due to the confounding effects
of additional variables explaining part of the LRS variation. While
some studies found effects of fishing pressure (Bell et al., 2015;
Engelhard et al., 2014; Neat & Righton, 2007; Rose et al., 2000;
Worm & Tittensor, 2011), recruitment level (Hurst et al., 2012)
and spawning stock biomass (Hughes et al., 2014), marine studies
including multiple climatic and non-climatic effects into climate
response models are generally scarce. The multi-factor approach
was shown to have elevated phenology response estimates in
marine organisms when compared to inferences from studies
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including temperature only (Brown et al., 2016). Thus, further
research is needed to explore interactions between climatic and
other ecological factors, and to test how these compare to single-

predictor response estimates.

4.3 | Opportunities for future improvement

Our conclusions might have been affected by multiple statisti-
cal issues and biases associated with meta-analysis (Gurevitch &
Hedges, 1999). First, the identified studies mostly originate in the
northern hemisphere, particularly Northern Europe and North
Species:345) of
the estimated ~30,000 fish species present globally (Froese &

America with a limited number of fish species (n

Pauly, 2022). This suggests a significant research bias and limited
taxonomic scope in marine fish climactic research. A common para-
dox in ecological research is observed whereas taxonomically rich
ecoregions, such as the tropics, are strongly underrepresented
(Hansen & Cramer, 2015). Very few or no studies could be identified
from some of the most biodiverse regions such as Southeast Asia,
South America, and Africa—highlighting the pressing need to expand
research on climate responses in marine fish in face of increasing
climate change pressures.

Sample sizes were low for some geographic regions, such as
in the northwest Pacific where only two studies (Han et al., 2021;
Kumagai et al., 2018) were retrieved, representing four species with
an average sample size of 106 (+46) individuals per taxa. In other
regions, disproportionate species sample sizes could have influenced
interpretations, such as in the East Pacific, where contrasting, multi-
directional range shift averages are mainly driven by one large study
by Li et al. (2019), measuring depth and horizontal distribution shifts
of 10 fish species in nine subregions. The latter example additionally
illustrates the need for improved standardization in marine LRS mea-
surement methods to improve comparability of results.

Large variation in publication of LRS and temperature estimates
across studies also complicated our interpretations. For example,
very few studies presented supporting numeric data of both yearly
population center or range edge estimates and high-resolution
water temperature data. While some estimates for either of these
measures were not possible to extract, others were derived from
figures within published papers, which could have affected the ac-
curacy of estimates. Improved temporal and spatial resolution of
water temperature estimates, including lagged effects, or imple-
menting tags storing individually experienced water conditions (e.g.,
Hammerschlag et al., 2022) would likely improve response predic-

tions to climate changes.
4.4 | Implications and recommendations
While no single formula for inferring marine fish distribution re-

sponses to warming exists, the local ecological factors as well as the
extent of current methodological variation biases highlighted here will

S i ey

be key to improving the accuracy and usefulness of research com-
paring historical distribution data, creating new time series in the fu-
ture, and synthesizing literature findings. To facilitate future climate
impact research, increased standardization and robustness of range
shift measurement methods could be achieved by identifying popula-
tion structure shaped by relevant ecological variables, such as sepa-
rate spawning grounds or timing (Oomen & Hutchings, 2015; Petrou
et al., 2021) and larval retention (Sinclair & Power, 2015), as well as
abiotic barriers due to bathymetry, geology, oceanography (Morgan
et al., 2009), and genetic factors, such as cryptic diversity and shared
local adaptations (DuBois et al., 2022). For underrepresented habitats
such as deep-water or tropical niches, improved spatial and temporal
resolution (i.e., robust sample sizes of sampled individuals and spatial
and temporal sampling frequency in long-term studies), with measure-
ment in all three dimensions (i.e., depth, latitude, and longitude) will
be needed to identify vulnerable species and populations. Bias in LRS
comparisons over time could be reduced by controlling for locally rele-
vant confounding factors, including phenomena such as the Southern
Oscillation affecting temperature trends in the tropics (Jakovlev
et al., 2021), or density dependencies, such as in Bluemel et al. (2022)
who accounted for biases by temporal biomass trends. There is an
urgent need to expand geographical and taxonomic representation
of marine fish range shift responses to climate change. In particular,
expansion is needed in the highly biodiverse tropics and global south
where marine taxa have been identified as the most vulnerable to
warming (Comte & Olden, 2017). As in these regions marine research
and long-term fisheries monitoring programs are less established than
in the northern hemisphere, robust accounts of whether and how ma-
rine fish populations track their temperature niche are lacking.
Addressing the observed variation in marine range shifts will be
fundamental for improving response predictions crucial to inform
effective fisheries and conservation management strategies, par-
ticularly as the magnitude of distribution responses and extinction
risk are likely to increase under climate change forecasts (Penn &
Deutsch, 2022). In some of the most vulnerable marine ecosystems,
such as the arctic, where species have limited thermal tolerance,
food web structure and native biodiversity are already rapidly chang-
ing due to arrivals of invasive species from lower latitudes (Bartley
et al., 2019; Fossheim et al., 2015; Kortsch et al., 2015). Globally,
more frequent invasions and resulting novel community structures
and interspecific interactions in temperate and arctic latitudes will
have likely ecosystem-wide ramifications of yet unknown magnitude
(Kortsch et al., 2015; Nadeau & Urban, 2019; Sorte et al., 2010).
Therefore, addressing the natural complexity of distributional re-
sponses should rely on innovative and robust methods to allow as-

sessment and comparison of findings.
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