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ARTICLE INFO ABSTRACT

Keywords: Ectotherms are especially vulnerable to global warming due to their temperature-sensitive metabolic processes,
Individual-based models impacting survival and reproductive success. Elasmobranchs, with slow life histories and low reproductive rates,
IPCC

may face amplified risks. In this study, we investigated two catshark species with distinct life traits and distri-
butions: the Small-spotted Catshark (Scyliorhinus canicula) and the Nursehound (S. stellaris). Using newly cali-
brated bioenergetic models, we assessed changes in growth, sexual maturity, offspring production, and
population dynamics under two CMIP6 climate scenarios projected for 2100: SSP2-4.5 (Middle of the Road) and
SSP5-8.5 (Fossil-fueled Development), comparing these to historical data (1994-2015). Survival rates for early
life stages remained similar under historical temperatures (80 %) and SSP2 (83 %) but dropped sharply under
SSP5 to 33 % for S. canicula and 23 % for S. stellaris. Under both SSP2 and SSP5, S. canicula showed slight delays
in maturation, yet the proportion of mature individuals ultimately exceeded historical levels in SSP2. Conversely,
S. stellaris experienced progressively delayed maturation with warming. In SSP5, reduced growth, reproduction,
and survival caused a population crash for S. stellaris, suggesting potential extinction. Our results reveal con-
trasting climate impacts on these species, underscoring the risk for late-maturing, low-fecundity, and narrowly
distributed species. This emphasizes the urgency of conservation strategies tailored to mitigate their vulnerability
to global warming.

Life history traits
Population dynamics
Shark

Temperature

1. Introduction

Global warming is causing rapid and widespread disruptions across
all levels of biological organisation, from physiological processes (Little
et al., 2020) and life history traits (Holt and Jgrgensen, 2015; Huss et al.,
2019) to population dynamics (Lindmark et al., 2022; Munday et al.,
2008). Most teleost fish, being ectothermic, have metabolisms intrinsi-
cally tied to temperature variations (Lefevre et al., 2021; Schulte, 2015).
Consequently, changes in survival rates due to metabolic constraints
(Madeira et al., 2016) are among the first responses expected to directly
and significantly impact population size. Additionally, surviving fish
may experience altered growth and/or maturation due to the combined
effects of thermal stress (Niu et al., 2023) and increased unpredictability
in resource availability (Brodersen et al., 2011; Lindmark et al., 2022).

Population dynamics could either accelerate or slow down according to
the temperatures experienced by individuals, the species’ activity and
reproductive strategies (Otero et al., 2012; Shapiro Goldberg et al.,
2019). Lastly, considering that the physical condition of fish and water
temperatures significantly impact the quantity and quality of their eggs
and sperm (Baudron et al., 2014; Bobe and Labbé, 2010; Donelson et al.,
2010; Pankhurst et al., 1996), variations in temperature could poten-
tially influence the size of initial cohorts.

This is particularly concerning for elasmobranchs, which are late-
maturing species with very low fecundity compared to teleost fish
(Coulon et al., 2023). Given their slow rate of population renewal, the
effects of climate change on elasmobranch population dynamics may not
be fully realised until populations have already collapsed (i.e., time-lag
effect). For example, bioenergetic model-based predictions by Lear et al.
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(2020) suggest that future increases in temperature regimes could
severely affect the survival, growth and body condition of endangered
Bull Shark (Carcharhinus leucas) and Largetooth Sawfish (Pristis pristis).
Similarly, Neer et al. (2007) found that a 2 °C average temperature in-
crease could delay the age at maturity of the American Cownose Ray
(Rhinoptera bonasus) by 1-2 years, depending on its ability to meet
increased energy requirements. Rising temperatures are expected to
have a major impact on the embryos of oviparous species. Rising tem-
peratures could significantly reduce their hatching success (Musa et al.,
2020; Rosa et al., 2014), potentially dropping to only 11 % in a scenario
where greenhouse gas emissions triple by 2075 (Coulon et al., 2024a). In
the Northeast Atlantic, skates and sharks are particularly vulnerable due
to the rapid warming of the North Sea and English Channel (Dulvy et al.,
2008; Coulon et al., 2024b; Sgotti et al., 2016; Simon et al., 2023), to
which is added substantial modern fishing efforts (Rousseau et al., 2019)
and non-selective fishing techniques (Smith and Garcia, 2014; Walls and
Dulvy, 2021).

The small-spotted catshark (Scyliorhinus canicula) is a demersal shark
widely distributed across the Northeast Atlantic, ranging from the North
Sea to the Bay of Biscay, and inhabits various depths from coastal waters
to the deeper regions of the Celtic Sea. In contrast, Nursehound (Scy-
liorhinus stellaris), a shark with a similar lifestyle, is more commonly
found in shallow waters around the British Isles (Bisch et al., 2024;
Coulon et al., 2024b; Ellis et al., 2004). As a result, S. canicula experi-
ences a broader temperature range (~10 °C to 17 °C) compared to
S. stellaris. (~10 °C to 13 °C; Figure S1). These two catsharks also have
markedly distinct life-history traits. S. canicula females mature before
S. stellaris ones and produce three to six times more eggs (Ellis and
Shackley, 1997; Ivory et al., 2004; Pecuchet et al., 2017). Conversely,
S. canicula can reach a maximum size of up to 70 cm, which is half that of
S. stellaris in this geographic region. Therefore, these disparities make
S. canicula and S. stellaris prime candidates for evaluating the potential
pressure of temperature rise on population dynamics driven by meta-
bolic processes.

Bioenergetic models are powerful tools for assessing population dy-
namics (Boyd et al., 2020; Politikos et al., 2015a; 2015b) and species
range (Duncan et al., 2020; Payne et al., 2016) by incorporating phys-
iological constraints. By simulating temperature changes, these models
provide insights into species’ responses to climate change, highlighting
potential impacts and adaptive plasticity (Christianson and Johnson,
2020; Holsman et al., 2019). Most bioenergetic models follow one of two
approaches (see Brownscombe et al., 2022 for details). The first,
exemplified by the Dynamic Energy Budget (DEB; Kooijman, 2010) and
Physiological Energy Budget (PEB; Sibly et al., 2013) models are
grounded in principles of chemistry, physics, and thermodynamics,
aiming for a mechanistic description of bioenergetics (Boult et al., 2018;
Boyd et al., 2020). The second approach relies on ecophysiological re-
sponses at the organism level to estimate the Scope For Growth (SFG) of
individuals, based on a budget of ingested energy and metabolic costs
derived from observed physiological responses like consumption and
respiration rates (Winberg, 1956). The Wisconsin Energy Budget (WEB;
Kitchell et al., 1974, 1977) is based on this SFG approach. WEB is
particularly effective for assessing how environmental conditions affect
individual growth and survival, providing precise predictions based on
temperature or food availability variations (Cerino et al., 2013; Hartman
and Jensen, 2017). The data required for this model is often more
readily available or easier to measure than those needed for more
complex models like DEB. This is especially relevant for elasmobranchs,
where such information is limited. With a history of successful appli-
cation and validation (Deslauriers et al., 2017), the Wisconsin Energy
Budget (WEB) model offers a credible and robust method for studying
catsharks’ responses to environmental changes and population dy-
namics with limited data.

We developed a bioenergetic model under Wisconsin formulation in
conjunction with a population dynamic matrix model, to assess the
impact of end-of-century temperature projections on (i) individual
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growth, (ii) life history traits, and (iii) the population dynamics of
S. canicula and S. stellaris. Our analysis encompassed three climate
change scenarios, depicting future socio-economic trajectories and their
potential implications for greenhouse gas emissions spanning from
current to extreme conditions, as outlined by the Shared Socio-Economic
Pathways (SSP) framework (IPCC, 2021). Beyond developing a bio-
energetic model specific to S. canicula and adapting it to S. stellaris, this
study aimed to test the hypothesis that species with slower life paces and
narrower environmental tolerances exhibit greater sensitivity.

2. Material & methods
2.1. Temperature scenarios

The Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report assessed projected climate outcomes of a set of five
scenarios that are based on the framework of the SSPs (IPCC, 2021). In
this study, we used Northeast Atlantic historical temperature data from
1994 to 2015 and future temperature projections for 2100 based on two
scenarios from the CMIP6 climate model. We considered SSP2-4.5
(Middle of the Road) and SSP5-8.5 (Fossil-fuelled Development) climate
scenarios. SSP2-4.5 represents a scenario where CO, emissions stabilise
at current levels until 2050 and then gradually decline, though they do
not reach net zero by 2100 (Fricko et al., 2017). In contrast, SSP5-8.5,
characterised by a ’Fossil-fuelled Development’ pathway, anticipates a
dramatic increase in CO2 emissions, which are projected to triple by
2075 (Kriegler et al., 2017). The monthly temperatures were obtained
from forecasts for Western and Central Europe, and downloaded from
http://interactive-atlas.ipcc.ch (Gutiérrez et al., 2021; Iturbide et al.,
2021; Fig. 1).

2.2. Bioenergetic model parameters

Bioenergetic models under Wisconsin formulation (Hanson et al.,
1997) use an energy balance equation in which each of the physiological
processes (metabolism, wastes, and growth) is described by a set of
functions that are regulated primarily by water temperature and body
weight (Winberg, 1956). They can be used to estimate growth, linking
fish physiology to environmental conditions and quantifying the relative
importance of various environmental factors on individual growth
(Hanson et al., 1997). Consumed energy is first allocated to metabolism,

i ﬁ% % | ﬁ% %%.
oy %%% %%%%%*

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Fig. 1. Monthly water temperature applied to each individual. The tem-
peratures were obtained from forecasts for Western and Central Europe and
downloaded from http://interactive-atlas.ipcc.ch (Gutiérrez et al., 2021; Itur-
bide et al., 2021). Historical temperatures from 1994 to 2015 (AR6 1994-2015)
are shown in beige. Temperatures predicted for 2100 under the climate sce-
narios SSP2-4.5 (Middle of the road) and SSP5 (Fossil-fuelled Development) are
respectively shown in light green and light blue. The order of the months in-
dicates the order of the temperatures experienced by the individuals during
a simulation.
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some is lost as waste and that left over can be allocated to growth.
The parameters for the bioenergetics models developed for
S. canicula and S. stellaris follow the naming and parameter convention
used in the Fish Bioenergetics 4.0 software (Deslauriers et al., 2017;
Table 1). We tested multiple parameter combinations and report here
those that allowed individuals under historical conditions to grow
consistently with observed data for these two species. Maximum daily
consumption (Cpax) is expressed as a specific rate (g of prey consumed
per g of body mass per day) and is estimated as an allometric function of

Table 1

Models and parameters used in the bioenergetic models for S. canicula and
S. stellaris. Parameter names follow the convention of the Fish Bioenergetics 4.0
software (Deaslauriers et al., 2017) under the Wisconsin Energy Budget
formulation (Kitchell et al., 1974, 1977).

Model
parameter

S. canicula S. stellaris

v——_—/l_/L—-j
‘\_,\,_,_\/- .

Consumption model equation 3
CA Intercept of the 0.0853
allometric mass

Explanation

function

CB Slope of the allometric ~ —0.15
mass function

CQ Lower water 9.7 10
temperature where the
temperature
dependence is a small
proportion (CK1) of
Crax

CTO Water temperature 11.3 11.4
corresponding to 0.98
of Crax

CTM Water temperature 12.8 12
still corresponding to
0.98 of Crax

CTL Upper water 18.5
temperature where the
temperature
dependence is a small
proportion (CK4) of
Crnax

CK1 Small proportion of 0.397
Cinax

CK4 Small proportion of 0.655
Crax

Respiration model equation 2

RA Intercept of the 0.000933
allometric mass
function

RB Slope of the allometric
mass function

RQ Approximate the Q10 1.32
(the rate at which the
function increases over

—0.0501

relatively low water
temperatures).

RTO Optimum temperature 19
for respiration (where
respiration is highest),

RTM Maximum (Iethal) 21
water temperature

ACT Activity multiplier 2.6 (Sims et al., 1.47 (Piiper et al.,

2006) 1977)

SDA Specific dynamic 0.12 (Sims and Davies, 1994)
action

Egestion model equation 1

FA Constant proportion of  0.16
consumption

Excretion model equation 1

UA Constant proportion of 0.1
assimilated energy
(consumption minus
egestion)
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mass from ad libitum feeding experiments ranging from 0.07 of the
weight of the smallest individuals to 0.03 of the weight of the largest
(Neer et al., 2007), where CA and CB are the intercept and slope
respectively.

Chax = CA x W

Maximum daily consumption was then modified by a temperature
dependence function (F(T)) and a proportionality constant (p) that ac-
counts for ecological constraints on the maximum feeding rate (Cmax).
The p value theoretically ranges from O to 1, with O representing no
feeding, and 1 indicating the fish is feeding at its maximum rate based on
its size and water temperature.

C = Cpnax xp X F(T)

The Thornton & Lessem (1978) model (consumption equation 3;
Deslauriers et al., 2017) was used to describe the temperature depen-
dence of Cpyx for each species (F(T)). This model provides a better fit for
some cool- and coldwater species and is essentially the product of two
sigmoid curves, one fit to the increasing portion of the temperature
dependence function and the other to the decreasing portion. Records
from the Ocean Biodiversity Information System (OBIS, 2023) openly
available on https://obis.org/, were used to parametrize it (Figure S1,
Table 1). Egestion (faecal waste, F) and excretion (nitrogenous waste, U)
were computed as a constant proportion of consumed energy (Kitchell
et al., 1977) (waste loss equation 1; Deslauriers et al., 2017). Specific
rate of respiration (R) is dependent on individual mass (W), water
temperature (G(T)) and an activity multiplier (ACT):

R =RA x W x G(T) x ACT

where RA and RB are the intercept and slope for the allometric mass
function. RA and RB parameters for S. canicula were determined by
Butler and Taylor (1975) but not using intermittent flow static respi-
rometry method, commonly used method nowaday to measure standard
metabolic rates (SMR)—the minimum oxygen consumption necessary
for maintaining fundamental physiological functions such as respira-
tion, blood circulation, and ion balance (Little et al., 2020). This method
has been recognized as crucial and highly sensitive in bioenergetic
models of fish (Bartell et al., 1986; Rice and Cochran, 1984). For this
reason, we determined the relationship afresh by measuring standard
metabolic rates and converting O, consumption rates (g O,. g fish™.
day!; Figure S2) using the oxy-calorific coefficient of 13,560 J. g O3'.
Limited data on S. stellaris is available in the literature (Figure S2; Piiper
et al., 1977). The O consumption rates were not obtained using current
methods and units, and we were unable to conduct additional laboratory
measurements for this species. Therefore, we combined these data with
those obtained experimentally for S. canicula. We determined a single
model for both species, which was found to be similar to that defined for
S. canicula alone (Figure S2). Consequently, the parameters character-
ising the specific rate of respiration of S. canicula were imputed to
S. stellaris. The Kitchell et al. (1977) model (respiration equation 2;
Deslauriers et al.,, 2017) was wused to describe the
temperature-dependence of respiration (G(T)) adjusted by an activity
multiplier (ACT).

During calibration process, iterative simulations for 1000 females of
S. canicula and S. stellaris were performed to adjust the p value for each
age class (Deslauriers et al., 2017) until the daily growth simulated by
the model resulted in a predicted weight at the end of each age that
matched the observed weights at age determined from weight-length
field data converted into weight-age data with the ‘fishR’ R package
(Appendix 1). Weight-length field data were from the western part of the
English Channel, the Irish Sea, the Celtic Sea and the Bay of Biscay. They
included juveniles hatched at the Dinard marine station (Coulon et al.,
2024a), females collected during the scientific bottom trawl surveys
CAMANOC, EVHOE, and CGFS (Mahé et al., 2018), and females gath-
ered from a survey at French fish auctions, Elasmobranch-on-Shore
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(EOS), as part of the European Data Collection Framework, which aims
to collect, analyse, and share data on elasmobranch fishing. Given that
Von Bertalanffy growth parameters are highly dependent on the location
of individuals, we used the parameters determined by Ivory & Nolan
(2004) for females of S. canicula in the Irish Sea and the Celtic Sea (Lm g,
canicula = 57 cImy; Linfs. canicula = 75.14 ¢cm; K, canicula = 0.150, t0s, canicula =
- 0.96). Since the available growth parameters for S. stellaris are derived
exclusively from Mediterranean individuals (Capapé et al., 2006), we
used the growth parameters estimated using a von Bertalanffy growth
model by Greenstreet et al. (2012) (Linfs, steliaris = 140 cm; K, steliaris =
0.094, tO0s. stellaris = - 4.35), that addressed redundancy in metrics
describing the composition, structure, and functioning of the North Sea
demersal fish community. However, the size at maturity reported in this
study is questionable, as it is smaller than that observed in the Medi-
terranean (Finucci et al., 2021) although the size structure of S. stellaris
in the North East Atlantic tends to present larger individuals (Bisch et al.,
2024). Therefore, we considered as a proxy for the size at maturity, the
smallest size female with an egg emerging from the cloaca observed
opportunistically at fish auctions during EOS (Table S1) (Lm s, gteliaris =
90 cm).

2.3. Standard metabolic rate (SMR)

The care and use of experimental animals complied with French
animal welfare laws, guidelines and policies as approved by the Ministry
of Higher Education and Research in accordance with the provisions of
the French Rural and Maritime Fishing Code, in particular articles
R.214-87 to R.214-126 [approval number A3509547]

Twelve eggs were laid in captivity at the marine aquarium of
Trégastel from wild females fished in the Bay of Saint Anne (English
Channel, France), incubated (~5 months) and bred at the marine station
of Dinard until the experiment (~8 months) at 16 & 1 °C. The juveniles
were six males and six females. We included the 12 juveniles in the study
to make use of all the hatched individuals, regardless of their sex,
considering there was no reproductive investment (i.e., reproductive
energy allocation) in the first year. We also captured 12 females using
bottom trawl along the Bay of Saint Brieuc (English Channel, France) at
the end of May 2023. The 24 individuals were placed in three 700-L
biosphere tanks with four juveniles and four captured females per
tank. Juveniles were separated from larger individuals to avoid any risk
of cannibalism and to ensure optimal feeding, using a crate suspended in
the tanks. Sharks were fed ad libitum twice a week with thawed hake and
squid. Tanks were fully aerated to create a normoxic (>95 % air satu-
ration) environment under each condition with independent filtration
systems. Nitrite (< 0.05 mg.L!) was monitored daily and 1/3 of the
tanks’ volume was renewed to ensure good water quality, while salinity
(34 ppm) and nitrate (< 40 mg.L’l) were monitored weekly.

We chose June temperatures to study standard metabolic rate re-
sponses to warm conditions, while ensuring that the temperatures tested
were within S. canicula current temperature range. As the sea surface
temperature at the end of May was around 15 °C at the time of capture,
water temperature was progressively increased by 2 °C per week until
the desired temperatures were reached (Tcontrol = 15.5 °C; Tsspa 4.5 =
17.4 °C; Tssps_g.5 = 19.5 °C) and maintained with a heater connected to
a temperature control unit. This acclimatisation time also ensured that
the individuals caught were in a healthy state before starting the
experiment. Individuals were then maintained at the experimental
temperatures for a month.

SMRs were determined using intermittent flow static respirometry
method, commonly used in elasmobranch species that are capable of
buccal pumping (Chen et al., 2008; Molina et al., 2020; Rummer et al.,
2022; Sims, 1996). Two homemade transparent respirometers with en-
richments were used: 1.5 L for individuals under 28 g and 75 L for in-
dividuals over 190 g, and immersed by two in larger mesocosms
(reducing individual isolation), with filtered, oxygenated seawater at
the same temperature as the stabulation tanks for the duration of the
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test, all set in a photo-thermoregulated room with no walk-through.
Individuals were fasted for 5 days before oxygen consumption mea-
surements were taken to reach a postabsorptive state for this species
(Hopkins and Cech, 1994; Neer et al., 2006; Chen et al., 2008). In-
dividuals were placed in respirometry chambers adapted to their weight,
and the first hour was devoted to acclimatisation to the respirometry
chamber with a continuous water flow (Tullis and Baillie, 2005; Lear
et al., 2018). Then the test alternated between 15 and 60 min of oxygen
consumption measurements (depending on the temperature treatment)
and 60 min of oxygen renewal. The sharks were then left in the respi-
rometry chambers for 16 h. The time interval between oxygen renewal
was long enough for O; decline to be detected, but short enough that O,
levels in the chambers did not fall below 80 % saturation at the end of
the measurement period, to avoid stressing individuals (Svendsen et al.,
2016). The oxygen saturation was measured using a mini oxygen sensor
with a dip probe connected to a Witrox 4 oxygen metre (LoligoSystems).
We validated the measurements by following the recommendations of
Chabot et al. (2021) and defining a threshold R? of 0.85. Oxygen satu-
ration with empty chambers was measured before and after the respi-
rometry measurements on the sharks and did not reveal any significant
microbial respiration rates. As metabolic rates were estimated in rela-
tion to the weight of each individual, biometry was carried out after
each test. The sharks were individually removed from the respirometry
chambers and anaesthetised (benzocaine, 40 mg.L buffered with bi-
carbonate) for biometry (total length, mass).

The rate of oxygen consumption (mg.Og.individuall.hl) was
calculated by multiplying the rate of decrease in oxygen saturation by
the volume of the tank (Wheeler et al., 2021). Rates were used to
calculate a RQ parameter (approximates the Q10) and converted into g.
02.g fish'.day™ to determine RA and RB parameters (Deslauriers et al.,
2017; Figure S2).

2.4. Reproduction

The proportion of mature individuals based on size was converted
into the proportion of mature individuals based on weight (Figure S3).
The probability of an individual reproducing was determined based on a
logistic function that related the fraction of mature individuals at that
age to body weight (Ellis and Shackley, 1997; Figure S3). During cat-
sharks peak egg-laying period (1st —30th June) (Ellis and Shackley,
1997), if the random number drawn from a uniform distribution was less
than the mature fraction based on an individual’s weight each day, then
the individual would lay that day (Neer et al., 2007). The number of eggs
laid per individual during this period was calculated by multiplying the
number of laying events (in days) with a daily egg production rate. The
June daily egg production rate of S. canicula was determined from Ellis
& Schackley (1997) (egg.rateg, canicula = 0.28 egg.day'l.female'l) while
that of S. stellaris was determined from Capapé et al. (2006) and ob-
servations from the Tregastel Aquarium, located in the western part of
the English Channel, from 2012 to 2013 (egg.rateg seiiaris = 0.03 egg.
day!.female™!). Reproductive investment was calculated by multiplying
the number of eggs laid by the average weight of an egg (egg.weights.
canicula = 4 g; Mellinger, 1983: egg.weights steliaris = 17 g; Musa et al.,
2018), and subtracting this from the female’s weight on June 30th.

2.5. Mortality

The probability of dying was assigned to natural mortality of cat-
sharks (n = 0.15) according to the ecopath model of Sanchez et al.
(2005) calibrated in the Cantabrian Sea. Mortality was determined by
fitting a decreasing curve between annual mortality rate and body
weight (Roff, 1993; Cortés, 2004; Figure S4). The Instantaneous annual
natural Mortality Rate (IMR) for the smallest individuals of both species
was determined for each scenario from the first-year mortality rates
determined by Coulon et al. (2024a). These rates were obtained from
experiments exposing S. canicula embryos and juveniles to historical
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temperatures spanning from 1994 to 2015 (AR6 1994-2015), as well as
temperatures predicted for the year 2100 under the climate scenarios
SSP2-4.5 and SSP5-8.5 (IMRage 0, control = 0.19; IMRage 0, ssp2.45 =
0.17; IMRage o, ssp5-8.5 = 0.89). The IMR decreases exponentially with
weight, approaching 0.15 for the heaviest (oldest) individuals (Sanchez
et al., 2005; Figure S4). The maximum age of each species was deter-
mined from its growth parameters (i.e., 13 years for S. canicula and 16
years for S. stellaris). Annual mortality rates were converted to daily
rates and if the randomly generated number from a uniform distribution
was less than the daily probability of dying, then the individual died and
was removed from the simulation.

2.6. Simulation process

The three temperature scenarios (AR6 1994-2015; SSP2-4.5: Middle
of the road and SSP5-8.5: Fossil-fuelled Development; Fig. 1) were
simulated using the bioenergetic and matrix projection models. All
simulations of the bioenergetic model started with 1000 females on the
1st of July. Initial weights for each scenario were generated from a
normal distribution based on observed weight-at-birth information of
S. canicula and S. stellaris (Appendix 1). As the S. stellaris individuals
were not exposed to the experimental conditions, their initial weights
for the SSP2-4.5 and SSP5-8.5 scenarios were estimated based on the
weight differences observed in S. canicula under the same scenarios
(Coulon et al., 2024a). Body weight of each individual was updated
daily. Weight-dependent maturity was used to determine reproduction
(Figure S3). Weight loss associated with laying events was based on the
observed average weight of eggs. Numbers of individuals in the cohort
were decreased daily on a specified weight-dependent mortality rate
(Figure S4). The model predicted the number of individuals alive,
average weight of an individual, and number of pups produced by year.
These predictions were used to estimate the parameters of age struc-
tured matrix projection models.

Weight-age data were transformed into weight-length data using the
*fishR’ R package. The predicted length-at-age curves for each scenario
were fitted using the nls R function to estimate their parameters (Linf, K,
t0). Subsequently, these growth models were compared using an
ANOVA test. The size at maturity (Lm) for each species determined the
maturity status of individuals (binomial variable; 0: immature, 1:
mature). For each age class, a chi-squared test was conducted to
compare the number of mature individuals across scenarios, using
maturity as the response variable and scenarios as predictors. The
impact of scenarios on offspring production was analysed using a
Generalised Linear Model with a Gaussian distribution for S. canicula
(continuous number of offspring between 0 and 8) and a quasi-binomial
distribution with a logit link for S. stellaris (continuous number of
offspring between 0 and 1).

2.7. Individual-level variability

Two sources of individual variability in the growth of catsharks were
simulated. First, individual temperature variability was incorporated to
account for the fact that not all individuals are in the same location and
therefore experience similar, but not identical, daily temperatures. For
each day of the simulation, each individual was assigned a daily water
temperature drawn from a normal distribution with the mean equal to
the temperature predicted by the temperature function and a standard
deviation of the simulated data’s variability around the predicted tem-
peratures (Fig. 1). Variability in p values was incorporated to reflect the
variability of prey encountered and ingested by individuals depending
on their location, as well as variability in prey capture capacity (Neer
et al., 2007). Individuals were assigned values of p from a normal dis-
tribution having a mean of the age-specific p-value determined through
the calibration process, and a coefficient of variation of 1 % (Neer et al.,
2007; Table S2).
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2.8. Matrix projection models

We used Leslie age-structured matrix projection models to analyse
the population-level impacts of warmer water temperature scenarios

(Eq. (1)).

0 Py-mg o - 0 0
Py 0 o - 0 O
0 P o - 0 O
: :2 : . H H (l)
0 0 0 P,1 O
0 0 0 0o o0

The matrix projection models followed females using a birth-pulse
structure with a post-breeding census (Caswell, 2000). Annual survival
rates (sub-diagonal elements, Table S3) and fertility values, (top row;
defined as fi = Pi - mi where fi = fertility at age i, Pi = age-specific
survival probability and mi = age-specific reproductive output,
Table S4) of each matrix were estimated from the numbers surviving and
pup production (number of pups per female) predicted by the bio-
energetics model under the AR6 1994-2015; SSP2-4.5 and SSP5-8.5
scenarios. The age-specific fecundity estimates predicted by the bio-
energetics model were divided by 2 to reflect a 1:1 male:female sex ratio.

For each scenario, we calculated the finite (A) and instantaneous (r)
population growth rates, net reproductive rate, and generation time
using the ‘pop.bio’ R package. The finite population growth rate (1) in-
dicates whether a population is growing (A > 1) or declining (A < 1) from
one period to the next. The instantaneous growth rate (r) is derived from
the natural logarithm of A and reflects the continuous growth rate of the
population (r > 0 indicates growth; r < 0 indicates decline). The net
reproductive rate (Ro) represents the average number of offspring pro-
duced by each individual over its lifetime, determining whether the
population can replace itself. Generation time refers to the average age
of parents producing the offspring at stable age distribution.

3. Results
3.1. Bioenergetics model

Model-predicted weights-at-age under the AR6 (1994-2015) sce-
nario closely matched the mean weights from a Von Bertalanffy growth
curve and individual measurements derived from observed size-at-age
data for both species (ANOVA, p = 1; Figure S5, Table S5), indicating
that the model predictions are robust.

The bioenergetics model predicts that the number of individuals
from the cohort (N = 1000) surviving to the first age is markedly lower
under the SSP5-8.5 scenario compared to the AR6 1994-2015 and
SSP2-4.5 for both species (Fig. 2, Table S3). Survival rates decreased
from 80 % and 83 % (Fig. 2) under the AR6 (1994-2015) and SSP2-4.5
scenarios to 33 % for S. canicula and 23 % for S. stellaris under the
SSP5-8.5 (Figure 2; Table S3). Mortality peaks between July and
October of age 0 (Figure S6), the first few months of the simulation,
when temperatures are the warmest (Fig. 1).

Under the SSP5-8.5 scenario, both S. canicula and S. stellaris show
significant growth differences compared to the AR6 (1994-2015). The
average weight of S. canicula individuals ranged from 72 % (W = 18.5 +
2.9g; N=328)atage 1 to94 % (W = 814.8 + 150.1 g; N = 26) at age
10, compared to that under the AR6 at similar ages (Table S6). While the
weight difference decreased with age in S. canicula, no such trend was
observed for S. stellaris (Fig. 3) where the average weight ranged from 74
% (W=39.2+3.3g;N=113)atage1to70 % (W =3879.3+619.3g;
N = 67) at age 14 compared to that under the AR6 (1994-2015) at
similar ages (Table S6). Under the SSP2-4.5 scenario, S. canicula exhibits
growth differences compared to the AR6 (1995-2014), while S. stellaris
displays only marginal changes. The average weight of S. canicula in-
dividuals ranged from 95 % (W = 24.5 1 1.6 g; N = 837) atage 1 to 103
% (W = 887.7 = 127.4 g; N = 174) at age 10 compared to that under the
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Fig. 2. Predicted survival curves on June 30 of each year. Predicted sur-
vival curve under the historical temperatures from 1994 to 2015 (AR6
1994-2015) is shown in beige. Predicted survival curves under the tempera-
tures predicted for 2100 under the climate scenarios SSP2 (Middle of the road)
and SSP5 (Fossil-fuelled Development) are respectively shown in light green
and light blue. The top panel describes the responses of S. canicula (blue shape)
and the bottom panel those of S. stellaris (light red shape).

ARG (1994-2015) at similar ages (Table S6) (Fig. 4).

The age at which 50 % of S. canicula individuals reach maturity does
not differ significantly between scenarios (ranging from 9 to 10 years
old). However, maturation occurs slightly later in the youngest age
classes under the SSP2-4.5 scenario. This delay is offset by a faster
maturation rate in older age classes, resulting in all individuals reaching
maturity sooner under SSP2-4.5 than under the AR6 (1994-2015) sce-
nario. Regarding S. stellaris, more than half of the individuals reach
maturity between ages 9 and 10 under the AR6 (1994-2015) and
SSP2-4.5 scenarios. In contrast, under the SSP5-8.5, only 4 out of 1000
individuals from the initial cohort reach maturity at 13 years old.

The maximum number of eggs laid by S. canicula in June under the
AR6 (1994-2015) scenario is 8.4, whereas it remains below 1 for
S. stellaris (Fig. 5). In S. canicula, egg production by mature individuals is
similar between the SSP2-4.5 and AR6 (1994-2015) scenarios, except in
the oldest age classes, where it is higher under SSP2-4.5. A similar
pattern is observed under SSP5-8.5, although egg production is lower
than in AR6 (1994-2015) for the youngest age classes. In S. stellaris, no
significant difference in egg production is observed between the
SSP2-4.5 and AR6 (1994-2015) scenarios. However, under SSP5-8.5,
egg production is lower and increasingly variable, mainly due to the
very small number of individuals (N < 10 from age class 10 onwards).

3.2. Matrix projection model

The population of S. canicula is growing steadily (A =1.18;r = 0.17),
while that of S. stellaris remains stable (A = 0.98 ~ 1; r = —0.02 ~ 0)
under the AR6 (1994-2015). Moderately faster individual growth under
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Fig. 3. Predicted average weights (in grams of wet weight, g ww) of all
individuals live on June 30 of each year. Predicted average weights curve
under the historical temperatures from 1994 to 2015 (AR6 1994-2015) is
shown in beige. Predicted average weights under the temperatures predicted for
2100 under the climate scenarios SSP2 (Middle of the road) and SSP5 (Fossil-
fuelled Development) are respectively shown in light green and light blue.
Uncertainty intervals are represented by shaded regions, corresponding to the
5th and 95th percentiles of the model predictions. The top panel describes the
responses of S. canicula (blue shape) and the bottom panel those of S. stellaris
(light red shape).

the SSP2-4.5 scenario resulted in population growth rates, net repro-
ductive rates, and generation times similar to those observed under the
ARG (1994-2015) scenario (Table 2). Conversely, the slower growth of
individuals under the SSP5-8.5 scenario, accompanied by changes in
reproduction and survival rates, led to a reduced population growth
rate, lower reproductive rates, and longer generation times for both
species (Table 2). Although there was a sharp decline in egg production
in S. canicula under the SSP5-8.5 scenario (Ryg = 1.61), the finite pop-
ulation rate and instantaneous population growth rate remained posi-
tive (A = 1.09; r = 0.09), indicating a steady population. For S. stellaris,
the population underwent a marked decline (A = 0.75; r = —0.29)
accompanied by an increase in generation time of 1.22 years.

4. Discussion

We assessed the projected effects of end-of-century sea water tem-
peratures on individual growth, life history traits, and population dy-
namics of S. canicula and S. stellaris across SSP2-4.5 and SSP5-8.5
scenarios. Our findings reveal that the moderate warming simulated in
SSP2-4.5 exerted discernible impacts on both species at individual and
population levels. In contrast, under the more severe warming scenario
of SSP5-8.5, we observed pronounced negative effects on the pop-
ulations of S. canicula and S. stellaris. Our integration of a bioenergetics
model with a matrix projection model provided a robust framework to
translate limited physiological information on environmental changes
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Fig. 4. Predicted percent maturity by age on June 30 of each year. Pre-
dicted percent maturity by age under the historical temperatures from 1994 to
2015 (AR6 1994-2015) is shown in beige. Predicted percent maturity by age
under the temperatures predicted for 2100 under the climate scenarios SSP2
(Middle of the road) and SSP5 (Fossil-fuelled Development) are respectively
shown in light green and light blue. Uncertainty intervals are represented by
shaded regions, corresponding to the 5th and 95th percentiles of the model
predictions. The top panel describes the responses of S. canicula (blue shape)
and the bottom panel those of S. stellaris (light red shape).

affecting individual growth into meaningful population-level responses
for oviparous sharks.

We showed the survival rate of the first-year classes is a critical
determinant of the population dynamics of catsharks, as highlighted for
several other elasmobranchs previously (e.g., Undulate Ray, Raja
undulata; Elliott et al., 2020). For the AR6 (1994-2015) and SSP2-4.5
scenarios, the survival rate was relatively high, ranging from 80 % to 83
% for both species. However, under the SSP5-8.5 scenario, the survival
rate drastically decreased, dropping to 33 % for S. canicula and only 23
% for S. stellaris, supporting the vulnerability of oviparous elasmobranch
embryos and juveniles to warming temperatures (Coulon et al., 2024a;
Musa et al., 2020; Rosa et al., 2014). This finding is particularly con-
cerning given that catsharks produce only a few dozen eggs annually,
with S. stellaris laying 3 to 6 times fewer eggs than S. canicula (Ellis and
Shackley, 1997; Pécuchet et al., 2017). Under the SSP5-8.5 scenario,
these two species may respond by shifting their spawning areas to
deeper waters or migrating to colder regions (Sundby and Nakken,
2008). Between 1997 and 2020, habitat suitability for S. canicula
increased in the western English Channel, southern and eastern North
Sea, while it decreased along the German, Dutch, and Belgian coasts
during the summer months (Coulon et al., 2024b). These changes in
habitat suitability, particularly during the peak egg-laying period (Ellis
and Shackley, 1997, raise the possibility that shifts in coastal spawning
areas may already be occurring. Furthermore, it would be interesting to
refine species distribution models with the eco-physiological constraints
of embryos to provide more accurate maps of suitable spawning habi-
tats. Additionally, species might alter their peak spawning periods to
months with milder temperatures, such as spring or late summer (Rogers
and Dougherty, 2019; Pankhurst and Munday, 2011). Spatio-temporal
monitoring of egg-laying sites could help detect shifts in the species’
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Fig. 5. Predicted June reproductive output by age on June 30 of each
year. Predicted reproductive output by age under the historical temperatures
from 1994 to 2015 (AR6 1994-2015) is shown in beige. Predicted reproductive
output by age under the temperatures predicted for 2100 under the climate
scenarios SSP2 (Middle of the road) and SSP5 (Fossil-fuelled Development) are
respectively shown in light green and light blue. Uncertainty intervals are
represented by shaded regions, corresponding to the 5th and 95th percentiles of
the model predictions. The top panel describes the responses of S. canicula (blue
shape) and the bottom panel those of S. stellaris (light red shape).

functional zones rather than focusing solely on suitable habitat, allowing
for more effective conservation strategies that address the species dy-
namic needs. Implementing mobile protection measures could enhance
species survival, given the critical role of juvenile survival in the re-
covery of elasmobranch populations (Ward-Paige et al., 2012). In
addition, the lower survival rate of S. stellaris compared to S. canicula
suggests that the early life stages of S. stellaris are more sensitive to
temperature increases than those of S. canicula. While S. stellaris is pri-
marily found around the British Isles and lays its eggs in colder waters,
S. canicula has a broader geographic and environmental range, depos-
iting its eggs across various latitudes and depths (Ellis et al., 2004). This
wider distribution is likely to contribute to the observed increased
tolerance in the early life stages of S. canicula.

The growth rates of surviving S. canicula individuals under the AR6
(1994-2015) and SSP2-4.5 scenarios were similar, but they differ
significantly from those under the SSP5-8.5 scenario. These differences
tended to diminish over time, which may indicate that SSP5-8.5 in-
dividuals could compensate for their lower initial growth rates. In this
case, it appears that once individuals survive the critical early years,
their growth may no longer be threatened by rising temperatures, as is
generally observed in fish (Pankhurst and Munday, 2011). In contrast,
S. stellaris consistently showed lower growth rates at higher tempera-
tures. This suggests that the temperatures encountered by these in-
dividuals were no longer optimal for their metabolic functioning. Their
energy consumption may be insufficient, or their respiration rate may be
excessively high (Scott et al., 2017). Increasing the proportion of
ingested energy could compensate for higher metabolic demands (Neer
etal., 2007); however, with rising temperatures, access to resources may
become less predictable (Brodersen et al., 2011; Lindmark et al., 2022).
Furthermore, reducing activity levels could help limit overall energy
expenditure (Johansen et al., 2014). However, activity patterns are
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Table 2
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Finite and instantaneous population growth rates (yr'), net reproductive rate, and generation time (yr) calculated from the matrix projection models.

Species Scenario Finite population growth rate (\)  Instantaneous population growth rate (r) ~ Net reproductive rate (Ry)  Generation time
S. canicula AR6 (1994-2015)  1.18 0.17 6.79 8.01
SSP2-4.5 1.19 0.17 7.00 8.13
w SSP5-8.5 1.09 0.09 1.61 9.39
S. stellaris AR6 (1994-2015)  0.98 —0.02 1.47 10.11
SSP2-4.5 0.98 —-0.02 1.48 10.37
et SSP5-8.5 0.75 -0.29 1.02 11.59
B ot

directly related to prey encounter rates, the ability to capture prey, and
avoid predators. Any reductions in activity are likely to decrease overall
foraging success and energy intake, thereby limiting the energy avail-
able for growth.

Catsharks’ population growth rates are closely tied to the in-
dividuals’ ability to mature. While S. canicula females mature first under
the AR6 scenario (1994-2015), the proportion of mature individuals
increases more rapidly under the SSP2-4.5 scenario. By age 9, more than
half of the individuals are mature under both scenarios, with the pro-
portion of mature individuals under the SSP2-4.5 scenario surpassing
the AR6 scenario by age 10. Despite a delay, the SSP2-4.5 scenario
would favour the maturation of individuals, thereby maintaining a finite
population growth rate and generation time comparable to those under
the ARG scenario. Concerning S. stellaris, more than half of individuals
reach maturity between the ages of 9 and 10 under the AR6
(1994-2015) and SSP2-4.5 scenarios. However, under the SSP5-8.5
scenario, only 4 out of 1000 individuals from the initial cohort reached
maturity by the 13th year, posing critical risks to population renewal.
Coulon et al. (2024b) observed an increase in habitat suitability for
S. stellaris between 1997 and 2020 coinciding with rising temperatures,
which could suggest favorable conditions for population growth. In our
study, the finite population growth rate estimate under AR6
(1994-2015) is <1 (0.98), suggesting that even under historical condi-
tion, the population may not have been self-sufficient. On the one hand,
density-dependent mechanisms are not explicitly accounted for in our
matrix models that do not incorporate feedback mechanisms such as
compensatory survival or reproductive adjustments. Therefore, while
our projections provide insights into potential population trajectories
under different climate scenarios, they do not capture potential buff-
ering effects of density dependence. On the other hand, given the gen-
eration time of S. stellaris, a 24-year period is likely insufficient to detect
significant changes in population structure in Coulon et al. (2024b). As
discussed in Coulon et al. (2024b), this apparent increase in habitat
suitability may primarily reflect improved identification of S. stellaris in
scientific bottom trawl surveys rather than a true enhancement of
habitat suitability conducive to population growth. Moreover, temper-
ature changes during this period may not yet have driven habitat or
population contraction. Nevertheless, in this study, maturation is
determined by a threshold of individual length and weight, which was
defined as the minimum size observed at fishing markets with an egg
emerging from the cloaca. Firstly, we emphasise the age at maturity
determined by modelling only partially reflects the age that could be
determined by biological observations. Given that S. stellaris is a larger
species than S. canicula, we would expect it to reach maturity at a later
age. This strongly supports the need to precisely define the size at
maturity for S. stellaris and females of many elasmobranchs. This could
be achieved through ultrasound scans (Whittamore et al., 2010) con-
ducted during scientific bottom trawl surveys in the Northeast Atlantic
(ICES, 2022). Then, predicting maturation and subsequent reproduction
based solely on growth may be insufficient. Individuals may have bio-
logical age increasing more rapidly in response to increased tempera-
tures, resulting in earlier maturation at smaller sizes and potentially
increasing the number of reproductive events in a lifetime (Angiletta,

2004). By comparison, catsharks’ Mediterranean populations exhibit
maturation at smaller sizes (Capapé et al., 2006), suggesting that under
the SSP5-8.5 scenario, Northeast Atlantic individuals may mature at
lower sizes by the end of the century. Additionally, temperature can
influence fish maturation independently of warming-induced changes in
body growth (Kuparinen et al., 2011; Niu et al., 2023). For instance,
experiments with Japanese Medaka (Oryzias latipes) have shown that
temperature affects both the age and size at maturation, even when
growth rates are similar due to varying food levels (Dhillon and Fox,
2004).

The model suggests that some individuals lay eggs before reaching
sexual maturity, which is biologically implausible. Therefore, we focus
solely on egg production post-maturity. While egg production rates for
the oldest age groups of S. canicula in the AR6 (1994-2015) and
SSP5-8.5 scenarios are similar, in the SSP2-4.5 scenario, higher egg
laying was observed at ages 7-12. Daily egg production may increase in
response to temperature and mass, as observed in other elasmobranch
species such as Thornback Ray (Raja clavata), Blonde Ray (Raja bra-
chyura), and Spotted Ray (Raja montagui), where the highest egg pro-
duction rates were observed under warmer conditions (Holden et al.,
1971). Conversely, increased frequency of egg laying may imply greater
energy demand over a given period; thus, maternal investment could be
reduced if individuals do not increase their food intake (e.g., by
decreasing oocyte diameters; King et al., 2003; McCormick, 1998). For
S. stellaris both individuals under the SSP2-4.5 and SSP5-8.5 scenarios
exhibited lower egg laying rates at various ages (6-14) compared to AR6
(1994-2015). This may indicate that the available resources for in-
dividuals are inadequate to support both somatic growth and egg pro-
duction (Thunell et al., 2023). Furthermore, while the effects of global
warming on the reproductive biology of many ectotherms, including
teleost fish, are well documented (Alix et al., 2020; Walsh et al., 2019),
the impacts on the reproductive biology of elasmobranchs—from
gametogenesis to post-zygotic development or pup production,
including mate search and gamete storage—are poorly understood. A
better understanding of these effects would allow for more accurate
population dynamic models that are constrained by species physiology
(Horodysky et al., 2015). Furthermore, our bioenergetics models were
based on females according to general assumptions; however, the po-
tential effects of temperature on male reproductive biology should not
be overlooked (Rankin and Kokko, 2007). For example, mismatches
between the reproductive timing of the two sexes (Pratt et al., 2022) or
alterations in sperm quantity and quality (Alavi and Cosson, 2005;
Wyffels et al., 2020) could cause populations to reach a bottleneck.

Finally, we would like to emphasise that our models were con-
strained solely by temperature, as the equations calibrating it were
temperature-dependent. However, other parameters, such as ocean
acidification or deoxygenation, could also significantly impact the sur-
vival, growth and reproductive biology of elasmobranchs (Rummer
et al., 2022). Acidification may influence elasmobranch behaviour,
especially foraging, by modifying the efficiency of energy intake.
However, the exact effects of these changes remain unclear. For
instance, Port Jackson Shark (Heterodontus portusjacksoni) has been
observed to take more time to locate food under acidified conditions
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(Pistevos et al., 2015), whereas elevated pCO: levels do not seem to
impact activity levels or foraging behaviour in Epaulette Shark (Hemi-
scyllium ocellatum) (Heinrich et al., 2014). Regarding deoxygenation, a
significant concern is that under low oxygen conditions (50 % air
saturation), the survival rate of S. canicula embryos decreased markedly
(Musa et al., 2020), which could further diminish the survival rate of the
first age class determined in this study. Integrating these additional
environmental factors into future models could provide a more
comprehensive understanding of the challenges faced by these species
(Koenigstein et al., 2016).

Through the study of S. canicula and S. stellaris, we demonstrate that
populations of a species with later maturity, lower fecundity, and more
restricted distribution are more vulnerable to global warming than those
of a species with higher fecundity and fewer environmental constraints,
highlighting the importance of considering life history traits in conser-
vation strategies. Building on this, and recognizing the impracticality of
calibrating a bioenergetics model for each species, we emphasise the
urgent need to address the additional pressure of global warming on
elasmobranch populations already impacted by human activities.
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