Science of The Total Environment

January 2024, Volume 906, Pages 167310 (12p.)
https://doi.org/10.1016/].scitotenv.2023.167310 https://
archimer.ifremer.fr/doc/00855/96682/

Fish shrinking, energy balance and climate change

Queiros Quentin 1 2.*, McKenzie David J. 1, Dutto Gilbert 1, Killen Shaun 3, Saraux Claire 4,
Schull Quentin *

1 MARBEC, Univ Montpellier, IFREMER, CNRS, IRD, Montpellier, Séte, Palavas-les-Flots, France

2 DECOD (Ecosystem Dynamics and Sustainability), INRAE, Institut Agro, IFREMER, Rennes, France
3 Institute of Biodiversity, Animal Health and Comparative Medicine, University of Glasgow, Graham
Kerr Building, Glasgow G12 8QQ, UK

41PHC UMR 7178, Université de Strasbourg, CNRS, Strasbourg, France

* Corresponding author : Quentin Queiros, email address : guentin.queiros@slu.se

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 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.
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» Size decline in fish may be a universal response to global change. » Global change can disturb
energy balance of consumers feeding at low trophic levels. » Prey shrinking raised the energetic costs
of feeding and daily energy expenditure. » Warmer waters with smaller prey dramatically increase
energy expenditure.
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1. Introduction

Ongoing global warming constitutes a major threat for biodiversity, especially in marine
ecosystems, with some scenarios of future temperature inc eases reaching +5°C in 2100
(IPCC, 2013, 2014; Orr et al., 2005). For ectotherms such as fish.xs, warming results in large
increases in their physiological rates (Clarke & Fraser, 20 "4: seebacher et al., 2015). While
ongoing global warming might therefore be expect~d t¢ boost growth rates in ectotherms
(Morrongiello et al., 2019; Seebacher et al.,, ~.0".5), it has in fact been correlated with a
progressive decline in adult body size of *.1a Wy 1'sh species in the wild (e.g. in Baudron et al.,
2014; Gardner et al., 2011; Sheridan % Bickturd, 2011, but see Audzijonyte et al., 2020). The
factors that contribute to this shrir.k'ng of fishes are poorly understood; it is coherent with
how warming might affect macroe ~ological phenomena such as Bergmann’s rule and James’
rule, and is associated witi. a significantly higher proportion of younger age classes and a
generalised decline 1. n.wlvidual size-at-age in populations (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 reproduced 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 ‘bat temperature per se is the
only variable involved in the size decline in wild populatio.'s, s nce few exceptions to this
rule are spreading across years, in particular studies tliav ‘~vestigated food resources as a
driver explaining the TSR (e.g. in Diamond & Kingsolv ~r, 7.010; Lee et al., 2015; Ljungstrom et

al., 2020; Millien et al., 2006).

Temperature and food resources are itk environmental variables whose variations can
challenge an individual’s energy balanc~ and that can drive fish life-history traits through
physiological processes. Thus, w'iic trie higher physiological rates due to warming cause an
increase in energy demands, =nc-gy availability for marine fishes is predicted to decline due
to climatic stressors tha’. a1y >ct 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 & 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 & 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 economic 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 et al., 2013; Shannon et
al., 2009), so these species represent key models to ev.liate energetic mechanisms

underlying shrinking of adult fish size.

In fact, small pelagic planktivorous fishes in the Medite. “anean Sea are a major example of
shrinking (Albo-Puigserver et al., 2021; Brosset e* a. 2017). There is an ongoing and
profound decrease in individual body size an«i conuition of sardine (Sardina pilchardus) and
anchovy (Engraulis encrasicolus), which ~nr.ears to be a consequence of bottom-up control
mediated by changes in plankton compsition and abundance (Brosset et al., 2016; Saraux
et al., 2019). This was associater. v.'th a major regime change in the mid-2000s, with shifts
of nutrient inputs, water m’xir,; and plankton production (Feuilloley et al., 2020). Since
2008, these species’ di:t 1.3s shifted progressively from large prey (> 1 mm, especially
cladocerans) to increase!| 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. Sardines 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 f. t2r feeding on small particles
had to consume twice as much as those capturing large oaricles to achieve the same
growth and body condition (Queiros et al.,, 2019). We _‘'zpected that the two foraging
modes had different energetic costs for the same dcrer. of resource acquisition, with costs
being higher for sustained aerobic swimming c'ur.n7 filter-feeding compared to brief bursts
of swimming to capture prey (Costalags, & Paiomera, 2014; Queiros et al., 2019). At the
same time, food availability could ~e highly significant in the wild, filtration could be
effective in very rich areas such as ( pvvellings whereas particulate feeding might be more

advantageous in areas with lo'+er L ey density (Costalago et al., 2015).

The current study focusr.d ¢ 1 this complex predator-prey interaction in a captive population
of adult sardines. We inv astigated 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 consequences 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

temperatures 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 energetic costs but also a careful comparison of energetic costs incurred during

and after feeding for each scenario.

2. Material and methods

2.1. Animal capture and husbandry

Sardines were captured by commerci=i } ursc-seiner and transferred to the IFREMER
Palavas-les-Flots research station, \:ith the same fishing and husbandry procedures as
described tailed in Queiros et al. (2(1¢). Over the first week, sardines were acclimated to
tanks and weaned onto comrerc.al aquaculture pellets. They were fed with a mixture of
Artemia nauplii and comme, ~i2, aquaculture pellets (mix of 0.2 and 1.2 mm diameter), with
increasing proportions ~t pellets and decreasing proportions of Artemia throughout the
week, concluding exclusively with pellets. After 2-3 weeks, sardines were transferred into
indoor 1m? 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 both experiments 1 and 2, described below, an { these two experiments were

performed sequentially in the same setup.

The tanks were modified to function as open automa.~d respirometers (McKenzie et al.,
2007, 2012; Queiros et al., 2021) using the principl2s >f cyclical intermittent stopped flow
(Steffensen, 1989), as described below. Fou: *anks were held at each of the two
temperatures, each set of four was sup,lird by water from a single reservoir where water
temperature was regulated by an Ice 3L0 (Aquavie) at 16°C or by a Red Line heater (Zodiac)
at 21°C. Water in the reservoir 'va. vigorously aerated, to maintain oxygen saturation and
ensure thorough mixing. We*er as delivered to tank respirometers by submersible pumps
(Eheim 3400); within ea.nh 1 »spirometer the water was also gently but thoroughly mixed by
a submersible pump (N:wa 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 minute progressive dawns and sunsets. Individual total
length and body mass was measured every two weeks under anaesthesia (140 mg L™
benzocaine). To estimate 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.

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 dit.cred in size, being either 0.2
mm or 1.2 mm in diameter, for a period of six weeks. Tha,> sizes fall within the natural
range of sardine prey (Nikolioudakis et al., 2012), but e'icit two markedly different foraging
modes, being either filtering on 0.2 mm pellets or p.rticulate capture of 1.2 mm pellets
(Queiros et al., 2019). Eight prey abundance: . er’: studied, as pellet rations ranging from
0.1 to 1.8 % of the total fish mass per tenk: J.1%, 0.2%, 0.3%, 0.4%, 0.6%, 1.0%, 1.4%, 1.8%.
The combination of two sizes and eight -ations resulted in 16 feeding treatments for each of
the 2 temperatures (Figure 1). S-.'incs were fed once a day at 09:00 in the morning. Daily
feeding treatment for a tark v.as randomly assigned but comprised 2 replicates of each
feeding treatment per ca. kK 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 MO2 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 minutes

after flow was stopped, when water level had stabilized in all respirometers.

Bias due to behavioural responses to the act of feeding (e.g. anticipation 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 ab.ndance and temperature on

features of foraging behaviour.

In this experiment we studied features of the fr.ragn.g modes, filtration or particulate
capture, in more detail, considering duratior. ana naximum intensity (Figure 1). To this end,
sardines were fed twice a day (9:00 am a.. « 2:00 pm) for 3 weeks with 8 treatments: one of
two food sizes (0.2 and 1.2 mm) at f_.'r r.tions (0.1, 0.2, 0.3 and 0.4% of tank biomass). The
combination of two sizes and fc'ir 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. Sirr.ilar 1o Experiment 1, MO2 was measured throughout and for 30 min
during feeding (food <.stributed 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 were assessed by two sham events, as described above.
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Figure 1: Conceptual framework of t.~e two experiments on cocktail effects of food size (0.2

and 1.2 mm), food rations (between 1.1% and 1.8% of the total biomass in tank) and

temperature (16°C and 21°C) +\n e.~ergy expenditure of sardines (daily [A], during the meal

period [B], during digestior, IC, on the maximal intensity during feeding [D]) and on the

duration of the feeding ~cuvity [E].

2.4. Respirometry

Water oxygen levels were recorded every 5 seconds in the tank respirometers, with an O,

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.
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Oxygen uptake by the sardines caused a linear decline in water O, 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
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 whe 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 O, uptake rate of day; was expressed ac the iowest 15%-quantile (Chabot et al., 2016a)
of the daily O, consumption of the previc s day (from 06:00 a.m. day;; to 06:00 a.m. day;).
This rate of oxygen uptake was *i.~n used as a baseline for calculating daily oxygen
consumption on day;, expressen in 12g O, kg'1 d?, as an increase from this basal rate. This
normalisation avoided bias I ked to a change in fish biomass during experiments, short-
term effects of a previcus raeal, or a small change in temperature, salinity, minor human
disturbance, etc. Daily " J2 was calculated as the area under the curve (AUC) of MO2 over
time, from 06:00 a.m. and for 24 hours (Figure 1, point A) using the ‘DescTools’ package in R
(Andri Signorell 2021). 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).

12



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 hours. This was done to avoid
bias when either lights were turned on 1.5 hour before the 1%t daily meal, or there were
remnant effects of digestion of that 1** meal for the 2" meal period. Since it took up to 2
minutes to feed all tanks (i.e. between 5 and 7 minutes after the beginning of the closed
phase), we first needed to establish the start of the feeding .* ent for each tank. To do so,
we identified a break in the rate of oxygen decline in the wa*er riuring the initial minutes of
the ‘closed phase’, using the ‘segmented’ package (Mu=geu, 2008). Once this was identified,
oxygen consumption was calculated, in mg O, kg ' b, as the linear decline of oxygen

concentration from there until 2 min before the enc of the ‘closed phase’ (Figure 1, point B).

2.5.3. Oxygen consumption dur...~ digestion

The start of the digestion period we. -aridered to begin 90 min after the start of the meal
period, this being the maximal Jurction of the feeding and then flush periods across the
different rations. Thus, with te~ding at 09:00, the oxygen consumption during digestion was
calculated, in mg O, kg 1'd’, as the AUC of the oxygen consumption over time between
10:30 a.m. of day; and "2:00 a.m. of day;,; (Figure 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 second intervals during the closed feeding period, using linear regressions

over 1 minute on smoothed data for 12 measures of tank oxygen concentration. This

13



revealed the maximum oxygen consumption, in mg O, kg h™?, achieved during each meal

period (Figure 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 activity (Figure 1, point E). That is, a broken-line
regression was performed on oxygen consumption values calcui.*ed every 30 seconds (also
every 30 seconds over 1 minute), starting at the peak of ua,'gen consumption as estimated

above.

2.6. Statistical analyses

Effects of food rations, prey (particle) si_c an. temperature, on oxygen consumption and
feeding duration, were assessed ucing linear mixed-effects models. We built a series of
models including three fixed effec:s (1.od size, food ration and temperature), as well as
their interactions. Because of sar.~bility 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 selecteu ~asca 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

14



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 Figure 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. Results of scenarios
over food ration are expressed as absolute and relative incr¢ ases. Results are indicated as
mean [95% CI]. Upper and lower 95% Cl values of relative di fere nces over food ration were

calculated following Kohavi et al. (2009).

All data analyses were performed under R (R Core 1cam, 2020) and linear mixed-effects
models were built using the ‘Imed4’ package (.~t=s et al. 2015). All statistical tests were

considered significant at p-values < 0.05.

3. Results

When fasted, MO2 was v and statistically similar throughout the day (black curve in
Figure 2). When sardines w~ere 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 particles (Figure 2).
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Figure 2: Median oxygen consumptior o ‘er time according to food ration for the 4
experimental treatments: cool temperature and large particles (A), cool temperature and
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particles (D). Black lines are foi du,'s of fasting, blue and red represent cool (16°C) and warm
(21°C) temperatures, respc-tiv:ly. Darker lines represent higher rations of food. Arrows
represent the 5 scei.ua, ‘as ,'ur 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.

3.1. Daily oxygen consumption
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During fasting days, median daily MO2 (i.e. the AUC relative to basal daily oxygen
consumption) was the lowest, demonstrating the clear effects that feeding and/or digestion

exerted on daily energy expenditure (Figure 2, Fig. S6).

The best linear mixed-effect model included double interactions between food ration and
food size and between food ration and temperature (Tables S1 and S2, Fig. S6, S7). An
increase in ration consistently caused a significant increase in daily oxygen consumption
when considering either food size or temperature. When consi.=ring only food size effects,
slopes were significantly different (p < 0.001) and the incrrc-e ..as smaller for large particles
(slope [95% Cl]; 420 [324;515] mg of O, kg™* d%) than for ~mall particles (714 [618;810] mg of

02/kg/d, graph Daily in Figure 3, Table S3).

When comparing large to small particles oer ~ll food rations, scenarios (1) and (2) were not
significant since food size x temperatui> interaction was not retained during model
selection. Daily MO2 exhibited a rie.~ |95% ClI] relative increase of 13 [1;37]% for small
particles at 16°C, while this incrcase was 10 [3;22]% at 21°C (graph Daily in Figure 3, Table

1).
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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
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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.

Table 1: 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 smai aarticles while also increasing
temperature. Scenarios were tested using pairwise comparisons. B~:4 a,ferences were calculated by
pairwise comparisons and 95% Cl of relative differences were estii.nate: | following Kohavi et al. 2009.
Absolute differences are given in mg of O, kg™ d™ for daily ans, av.~ing digestion, in mg of O, kg™* h™

for maximal and during feeding, and in minutes for feeding d irv o\

Period Scenario N\ Relative change Absolute
- (%) change
Scenario (1): 16°C | Large = <mall 13 [1;37] 108 [6;211]
Scenario (2): 21°C | Larc> = Small 10 [3;22] 108 [6;211]
> Scenario (3): Large | 1,°C = 21°C 33 [6;87] 265 [-290;821]
©
o
Scenario (4): Sn.~ll | 16°C = 21°C 29 [8;68] 265 [-265;821]
Scenario (5): 16°. + Large =@ 21°C + 46 [10;121] 373 [-179;926]
Small [
Scenaric (1,° 16°C | Large = Small 155 [45;398] 131 [120;143]
- - Scenaric 12): 21°C | Large = Small 115 [59;208] 145 [134;157]
S N
EJ_ * S :eneaio (3): Large | 16°C = 21°C 49 [11;129] 41 [24;59]
g * | S nario (4): Small | 16°C = 21°C 26 [16;37] 55 [38;73]
Scenario (5): 16°C + Large = 21°C + 220 [68;562] 187 [169;204]
Small
Scenario (1): 16°C | Large = Small -3 [-13;-1] -18 [-112;76]
Scenario (2): 21°C | Large = Small -3 [-6;-1] -18 [-112;76]
[
'% Scenario (3): Large | 16°C = 21°C 34 [-4;183] 178 [-212;569]
]
oo
a Scenario (4): Small | 16°C = 21°C 36 [-5;214] 178 [-212;569]
Scenario (5): 16°C + Large = 21°C + 31 [-3;164] 160 [-228;548]
Small
TEU Scenario (1): 16°C | Large = Small 48 [24;84] 134 [111;156]
g Scenario (2): 21°C | Large = Small 48 [29;75] 170 [147;192]




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 + 86 [47;148] 242 [154;329]
Small

Large = Small 42 [-11;339] 4 [2;6]

Duration

3.2. Oxygen consumption during feeding

During fasting days, median MO2 at the time of sham feedi.*~. was centered on zero (Fig.
S8), indicating that the increase in MO2 observed during 'l trie feeding events resulted
from actual energy expenditure to feed and not from h:ha.ioural responses by the sardines

to feeding gestures.

The MO2 during feeding was significantly r:lawcZ to the three double interactions (food
ration x food size, food ration x tempera. e and food size x temperature, Tables S4 and S5,
Fig. S8, S9). When considering only frou <ize effects, slopes were significantly different (p <
0.001) and the increase was smzile: for large particles (slope [95% Cl]; 96 [86;106] mg of O,

kg™ h™") than for small particics (228 [118;138] mg of O, kg™ h™*, Table $3).

Food size had a stro’.J a. 1 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 [465;398]%, while it doubled in
sardines feeding on small particles, rising by 115 [59;208]% compared to large particles at

21°C (p-value < 0.001, graph Meal period in Figures 3, Table 1).

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
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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% Cl]; 300 [213;388] mg
of 0, kg™ d!) while the highest slope was obtained for sardines on small particles (533

[445;621] mg of O, kg™ d, graph Digestion in Figure 3).

When comparing large to small particles averaged over all food rations, scenarios (1) and (2)
were not significant since interaction between food size and temperature was not retained
in the selected model. Indeed, mean [95% CI] MO2 during dig.<tion decreased by 3 [-13,-

1]1% at 16°C, while this decrease was 3 [-6;-1]% at 21°C (gr~-h C.gestion in Figure 3, Table 1).

3.4. Maximal consumption during feeding

Similar to the MO2 during feeding, maximal MCZ Huring feeding was significantly correlated
with the three double interactions (Ta%!~s <8 and S9, Fig. S12, S13). Slopes differed
significantly (p = 0.001); the lowest slope was estimated for sardines on small particles
(slope [95% Cl]; 86 [67;106] mg c” 7, kg™ h™') while the highest slope was obtained for
sardines on large particles (123 7113;152] mg of O, kg™ h™, graph Maximum in Figure 3,

Table S3).

Food size had a strong a.°d 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 Figure 3, Table 1).

3.5. Feeding duration
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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% Cl]; -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 al' T~ou ations, scenarios (1) and (2)
were not significant since interaction between food size and temperature was not retained
in the selected model. Mean [95% Cl] feeding durzatic.> increased by 42 [-11;339]% (graph

Feeding duration in Figure 3, Table 1).

3.6. Temperature effects

Temperature had significant effects o'1..!l oxygen consumptions and on the feeding duration
(Tables S1 to S11). Indeed, foor! 1 tion x temperature interaction was included in all selected
models on MO2 and food <ize .. temperature interaction was included in models on MO2
during feeding and .~ax’™a4l MO2 during feeding. Moreover, in the model on feeding

duration, temperature was retained without its interactions (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,
MO?2 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% Cl] for daily MO2, 420 [324;515] and 413 [317;509],
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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 ‘o-values < 0.001) but only
scenario (4) was significant on maximal MO2 during fe~ling (p-value = 0.02). Thus, the
temperature change from 16°C to 21°C caused mean M N2 during feeding to increase by 26
[16;37]% in fish fed on small particles, and by 49 [11:1.'1% in fish fed on large particles. This
temperature change caused mean maximal NG “uring feeding to increase by 26 [16;39]%

in sardines fed with small particles (Figu.= 7, Table 1).

3.7. Cocktail effects of the glob il *..~rming

Smaller particle size and higher temperature resulted in a mean [95% Cl] daily MO2 increase
of 46 [10;121]%, representing « .1 increase of 373 [-179;926] mg of O, kg'1 d™. This increase
was caused by the c.;niv.-2:1t multiplication by 3 of the MO2 during the meal period (220
[68;562]%, representing 187 [169;204] mg of O, kg’ h™) and higher MO2 during the
digestion (31 [-3;163]%, representing 160 [-228;548] mg of O, kg™ d*). Moreover, such
change caused an increase of the maximal MO2 during feeding by 86 [47;148]%,
representing an increase of 242 [154;329] mg of O, kg™ h™}, and a longer feeding period (42

[-11;339]%, representing 4 [2;6] min without temperature effect, Figure 4, Table 1).

23



Climate @ Daily +A6% e Meal period
change 5 _ A +220%
T YN P\
: El
o o
Food quantity Food quantity
vl'
‘ Maximum R 3 ‘ Feeding duration
31% \

O, consumption
Feeding activity

O, consumption

Food quantity F ~ad 4uantity Food quantity

Figure 4: Smooth functions of [A] cai., !B] while feeding, [C] while digesting, [D] maximal
oxygen consumptions and [E] ,~eding duration according to the food ration for the 2
experimental treatments repre.2nting past and future environmental conditions, i.e. cool
temperature and lar,, > portiZles (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).
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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 expen:.tures, over daily and hourly
timescales. While temperature significantly increased expen.'t'.res overall, food size had a
major impact on energy expenditure for activity duri. ¢ feeding itself. That is, the results
indicate that food resources and temperature are 1. 7jor environmental drivers that can
dramatically increase energy expenditures of .*.hes and disturb their energy balance in a
scenario of future climate change, in w' rm-.r waters with smaller prey. As such, the results
also provide experimental evidence thot such challenges to energy balance may contribute

to the ongoing shrinking of fish p~ ~uctons.

Daily oxygen consumption n.~asured in this study was corrected against a baseline of
standard metabolism (Chabot et al.,, 2016a), so represents daily energy expenditure on
activity. The results susgested 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
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provide a more detailed understanding 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 (Costalago & 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 ckange much with ration. It is
interesting therefore that feeding duration on small partic as vsas in fact lower at low or
high rations than at intermediate ones. Low duration a. Ic * ration might suggest rapid loss
of interest if food acquisition was very poor, while «* his,h ration it might indicate satiation.
For particulate feeding, more particles to catct st.o'ild translate into longer duration, which
was observed until a ration threshold wt.ere¢ a piateau would indicate satiation. Overall, we
expected feeding duration to be long=r on small particles at low ration but longer on large
particles, but this was only true for ri tions below 0.6 %, after which duration was similar for
both particle sizes. Finally, g'' thcse results indicate that higher energy expenditure by
sardines filter feeding on s, al' particles can explain why they would have to eat twice as
much as when feeding .1 i1arge pellets to achieve similar growth or body condition (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
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in terms of tissue accretion and growth (Fu et al., 2005a, 2005b; Jordan & Steffensen, 2007;
Norin & 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 promoting
enzymatic processes and, thereby, reduce a part of digestion (2sts (discussed in Legler et al.,
2010). On the other hand, a large SDA response can indicate hat lots of nutrients were
assimilated, notably amino acids for protein synthesis, wi > liigh costs of turning these into
tissues but that reflect robust growth (Fraser & Ro.ars 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 growih ai.d greater condition in previous studies (see

Queiros et al. 2019).

There is another mechanism th-t mignt increase energy expenditure during ‘digestion’ of
large particles, being the co:ts of recovery from rapid bursts of anaerobic swimming used
for prey capture. The me.abolic cost of such recovery, so-called ‘excess post-exercise
oxygen consumption’ (E} OC) can be divided into 3 phases in fishes: rapid, plateau, slow
(Zhang et al., 2018). While the rapid phase is very short (< 1 hour), both plateau and slow
phases can require several hours to return to standard metabolism. This can be more than
10 hours 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 hours after

providing the meal, this would omit the rapid phase of EPOC, although the phenomenon
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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, oxygen 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 sa 2 food ration) remained too
weak to counterbalance the increased energy to capture -hrir king plankton in the wild.
Furthermore, the warm temperature also significantly i 1¢c. ~~sed metabolic rates, leading to
overall higher energy expenditure during both mea.- ar d digestion (Clarke & Fraser, 2004;
Seebacher et al., 2015), whatever the food size o’ ration. Higher energetic cost for digestion
at warm temperatures has been resor ed for tunas, another species that swims
continuously (Klinger et al., 2016) a'*hough relationships between costs of digestion and

temperature are not necessarily linez r (McKenzie et al., 2013; Tirsgaard et al., 2015).

Our study applied relative'v _hort thermal acclimation times, which might tend to
overestimate temperatrire >ftects. When natural populations are allowed to acclimatise
over generations, baselin : metabolism may show a much less marked effect of temperature
(e.g. Wootton et al. 2022). Such intergenerational experiments are not 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
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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 hours
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 enc.7v use, increasing it by 10
[3;22]% in fish fed on small particles at 21°C, long-t_-n effects may be significant.
Furthermore, sardines may feed continuously in the v.ild, not only once or twice a day,
which would increase consequences of differences i1 energy expenditure during feeding. In
the wild, sardines face predation and pathoge ns “hut require energy expenditure. Therefore,
higher daily energy expenditure for fecdir.g may well impair energy balance in the wild,
resulting in less energy allocated tc.vards survival and growth. For instance, lower
swimming performance due to lsw =nergy reserves (e.g. swimming endurance (Martinez et
al., 2003, 2004)) could isolg*e \>aner individuals from schools, leading to a vicious circle,
with lower food foragin s ai.4 thus reinforcing lower energy reserves. Nonetheless, calorie-
restricted sardines displa better phenotypic plasticity to face fasting, which improves their
ability to reduce their metabolic energy expenditures during 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 particles,
a mechanism that should help them spare energy (Thoral et al., 2021). Nevertheless,

although sardines may display plasticity or adaptation that ameliorates the energetic
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consequences of smaller prey and warmer temperatures, the situation of sardine

populations in the Gulf of Lions remains very concerning.

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 i1y othesis worth exploring to
explain the spread of this phenomenon throughout the M.cai.crranean (Albo-Puigserver et
al., 2021; Brosset et al., 2017) to new ecosystems, anu to species higher in the food web
(Bensebaini et al., 2022; Véron et al.,, 2020). Altorati.=r, the results indicate that energy
balance can be a major mechanism explzini." = shrinking of fish populations globally.
Declines in prey size could impact the er.ergy balance of individuals when their energy
expenditures are increased by warmc- temperatures, with future projections of prey

resources predicting a decline of p1ov viomass and quality.

Acknowledgments

We would like to thank colleagues at the IFREMER experimental station for their welcome
and their fruitful advice during the conceptualization of the experiments. We would also like
to express our thanks to the two anonymous reviewers for their comments that helped us

improve the manuscript.

Funding

30



The study was funded by the MUSE Key Initiative Sea and Coast.

5. References

31

Albo-Puigserver, M., Pennino, M. G., Bellido, J. M., Colmenero, A. |., Giraldez, A,
Hidalgo, M., Gabriel Ramirez, J., Steenbeek, J., Torres, P., Cousido-Rocha, M., & Coll, M.
(2021). Changes in Life History Traits of Small Pelagic Fish in the Western
Mediterranean Sea. Frontiers in Marine Science, 8, 1197.
https://doi.org/10.3389/FMARS.2021.570354/BIBTEX

Alheit, J., Roy, C., & Kifani, S. (2009). Decadal-scale vz:iavL'ity in populations. In D.
Checkley, J. Alheit, Y. Oozeki, & C. Roy (Eds.), Climate ~hrnge and Small Pelagic Fish
(pp. 64-87). Cambridge University Press.

Allison, E. H., Perry, A. L., Badjeck, M. C., Neil £.ag>r, W., Brown, K., Conway, D., Halls,
A. S, Pilling, G. M., Reynolds, J. D., Andrew, N. I.., % Dulvy, N. K. (2009). Vulnerability of
national economies to the impacts of clir.a.2 change on fisheries. Fish and Fisheries,
10(2), 173-196. https://doi.org/10.1111.7.1"¢7-2979.2008.00310.x

Andri Signorell (2023). DescTools: Tor.ls for Descriptive Statistics (R package version
0.99.49). https://cran.r-project.~rg/pac.age=DescTools

Ariza, A., Lengaigne, M., Menlkes, 7., Lebourges-Dhaussy, A., Receveur, A., Gorgues, T.,
Habasque, J., Gutiérrez, M., moury, O., & Bertrand, A. (2022). Global decline of pelagic
fauna in a warmer ocea.a. nvture Climate Change. https://doi.org/10.1038/541558-
022-01479-2

Atkinson, D. (1994) Te:perature and Organism Size—A Biological Law for Ectotherms?
In  Advances 1. Ecological Research (Vol. 25, Issue C, pp. 1-58).
https://doi.org/10.2016/50065-2504(08)60212-3

Audzijonyte, A., Richards, S. A., Stuart-Smith, R. D., Pecl, G., Edgar, G. J., Barrett, N. S,,
Payne, N., & Blanchard, J. L. (2020). Fish body sizes change with temperature but not all
species shrink with warming. Nature Ecology and Evolution, 4(6), 809-814.
https://doi.org/10.1038/s41559-020-1171-0

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models
Using Ime4. J Stat Softw. https://doi.org/10.18637/jss.v067.i01

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(4), 1023—1031. https://doi.org/10.1111/gcb.12514



32

Bensebaini, C. M., Certain, G., Billet, N., Jadaud, A., Gourguet, S., Hattab, T., &
Fromentin, J. M. (2022). Interactions between demersal fish body condition and density
during the regime shift of the Gulf of Lions. ICES Journal of Marine Science.
https://doi.org/10.1093/icesjms/fsac106

Bopp, L., Aumont, O., Cadule, P., Alvain, S., & Gehlen, M. (2005). Response of diatoms
distribution to global warming and potential implications: A global model study.
Geophysical Research Letters, 32(19), n/a-n/a. https://doi.org/10.1029/2005GL023653

Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M., Halloran, P.,
Heinze, C., llyina, T., Séférian, R., Tjiputra, J., & Vichi, M. (2013). Multiple stressors of
ocean ecosystems in the 21st century: projections with CMIP5 models. Biogeosciences,
10(10), 6225—-6245. https://doi.org/10.5194/bg-10-6225-20:3

Brochier, T., Echevin, V., Tam, J., Chaigneau, A., GouvL>nu.a, K., & Bertrand, A. (2013).
Climate change scenarios experiments predict a fut.ve reduction in small pelagic fish
recruitment in the Humboldt Current system. =lv>al Change Biology, 19(6), 1841—
1853. https://doi.org/10.1111/gcb.12184

Brosset, P., Fromentin, J.-M., van Bever :n, F., Lloret, J., Marques, V., Basilone, G.,
Bonanno, A., Carpi, P., Donato, F., Cike$ ““e¢, v., de Felice, A., Ferreri, R., Gadparevi¢, D.,
Giraldez, A., Glcl, A., Iglesias, M., .eo'iori, |, Palomera, I., Somarakis, S., ... Saraux, C.
(2017). Spatio-temporal patterns and .vironmental controls of small pelagic fish body
condition from contrasted Medite. “anean areas. Progress in Oceanography, 151, 149—
162. https://doi.org/10.1016/j.p »c-an.2016.12.002

Brosset, P., le Bourg, B. <(nstalago, D., Banaru, D., van Beveren, E., Bourdeix, J.,
Fromentin, J., Ménard, © . C Saraux, C. (2016). Linking small pelagic dietary shifts with
ecosystem changes in .“e sulf of Lions. Marine Ecology Progress Series, 554, 157-171.
https://doi.org/10..1354 'meps11796

Burnham, K.P., Andr.rson, D.R., 2004. Model Selection and Multimodel Inference, 2nd
ed. ed. Springer New York, New York, NY. https://doi.org/10.1007/b97636

Chabot, D., Steffensen, J. F., & Farrell, A. P. (2016a). The determination of standard
metabolic rate in fishes. Journal of Fish Biology, 88(1), 81-121.
https://doi.org/10.1111/jfb.12845

Chabot, D., Koenker, R., & Farrell, A. P. (2016b). The measurement of specific dynamic
action in fishes. Journal of Fish Biology, 88(1), 152-172.
https://doi.org/10.1111/JFB.12836

Clarke, A., & Fraser, K. P. P. (2004). Why does metabolism scale with temperature?
Functional Ecology, 18(2), 243-251. https://doi.org/10.1111/j.0269-8463.2004.00841.x



33

Costalago, D., Garrido, S., & Palomera, I. (2015). Comparison of the feeding apparatus
and diet of European sardines Sardina pilchardus of Atlantic and Mediterranean
waters: Ecological implications. Journal of Fish Biology, 86(4), 1348-1362.
https://doi.org/10.1111/jfb.12645

Costalago, D., & Palomera, I. (2014). Feeding of European pilchard (Sardina pilchardus)
in the northwestern Mediterranean: from late larvae to adults. Scientia Marina, 78(1),
41-54. https://doi.org/10.3989/scimar.03898.06D

Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming benefits the small
in aquatic ecosystems. Proceedings of the National Academy of Sciences, 106(31),
12788-12793. https://doi.org/10.1073/pnas.090208010€

Diamond, S. E., & Kingsolver, J. G. (2010). Environmenu.l Dependence of Thermal
Reaction Norms: Host Plant Quality Can Reverse .~e Temperature-Size Rule. The
American Naturalist, 175(1), 1-10. https://doi.org/1L.106/648602

FAO. (2018). The State of World Fisheries and Aquaculture 2018 - Meeting the
sustainable development goals. 210 pp.

Feuilloley, G., Fromentin, J. M., Stemmain, ! , Demarcq, H., Estournel, C., & Saraux, C.
(2020). Concomitant changes in the e vircnment and small pelagic fish community of
the Gulf  of Lions. Proy - :ss in Oceanography, 186, 102375.
https://doi.org/10.1016/j.pocea:. 2020.102375

Forster, J., Hirst, A. G., & Atkinscn, D. (2012). Warming-induced reductions in body size
are greater in aquatic thar terrcstrial species. Proceedings of the National Academy of
Sciences, 109(47), 19310- '9314. https://doi.org/10.1073/pnas.1210460109

Fraser, K. P. P., & Rngcvs, A. D. (2007). Protein Metabolism in Marine Animals: The
Underlying Merhanisn. of Growth. Advances in Marine Biology, 52, 267-362.
https://doi.org/10..116/5S0065-2881(06)52003-6

Fréon, P., Cury, P. M., Shannon, L. J., & Roy, C. (2005). Sustainable exploitation of small
pelagic fish stocks challenged by environmental and ecosystem changes: a review.
Bulletin of Marine Science, 76(2), 385-462.

Fu, S. J., Xie, X. J., & Cao, Z. D. (2005a). Effect of meal size on postprandial metabolic
response in southern catfish (Silurus meridionalis). Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology, 140(4), 445-451.
https://doi.org/10.1016/j.cbpb.2005.02.008

Fu, S. J., Xie, X. J., & Cao, Z. D. (2005b). Effect of feeding level and feeding frequency on
specific dynamic action in Silurus meridionalis. Journal of Fish Biology, 67(1), 171-181.
https://doi.org/10.1111/j.0022-1112.2005.00722.x



34

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L., & Heinsohn, R. (2011). Declining
body size: a third universal response to warming? Trends in Ecology & Evolution, 26(6),
285-291. https://doi.org/10.1016/j.tree.2011.03.005

Garrido, S., Ben-Hamadou, R., Oliveira, P. B., Cunha, M. E., Chicharo, M. A., & van der
Lingen, C. D. (2008). Diet and feeding intensity of sardine Sardina pilchardus:
Correlation with satellite-derived chlorophyll data. Marine Ecology Progress Series, 354,
245-256. https://doi.org/10.3354/meps07201

Garrido, S., Margalo, A., Zwolinski, J., & van der Lingen, C. (2007). Laboratory
investigations on the effect of prey size and concentration on the feeding behaviour of
Sardina  pilchardus.  Marine  Ecology  Progress  Series, 330, 189-199.
https://doi.org/10.3354/meps330189

Horne, C. R., Hirst, Andrew. G., & Atkinson, D. (2Q15). Temperature-size responses
match latitudinal-size clines in arthropods, rev:a.'ns critical differences between
aquatic and terrestrial species. Ecc!~ay Letters, 18(4), 327-335.
https://doi.org/10.1111/ele.12413

IPCC. (2013). Climate Change 2013: The Pt ys.col Science Basis. Contribution of Working
Group | to the Fifth Assessment Repc.* ot the Intergovernmental Panel on Climate
Change (V. B. and P. M. M. Stocker. T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, Ed.). Camwidge University Press.

IPCC. (2014). Climate Change ~.u .1: synthesis Report. Contribution of Working Groups
I, I and Il to the Fifth Assez:muc~.¢ Report of the Intergovernmental Panel on Climate
Change . https://www.ipc:.c>/report/ar5/syr/

Jordan, A. D., & Steffense.. J. F. (2007). Effects of Ration Size and Hypoxia on Specific
Dynamic Action in “ne Cod. Https://Doi.Org/10.1086/510565, 80(2), 178—
185. https://do’.."g, 22.1086/510565

Klinger, D. H., Dale, J. J., Gleiss, A. C., Brandt, T., Estess, E. E., Gardner, L., Machado, B.,
Norton, A., Rodriguez, L., Stiltner, J., Farwell, C., & Block, B. A. (2016). The effect of
temperature on postprandial metabolism of yellowfin tuna (Thunnus albacares).
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology,
195, 32-38. https://doi.org/10.1016/J.CBPA.2016.01.005

Kohavi, R., Longbotham, R., Sommerfield, D., Henne, R.M., 2009. Controlled
experiments on the web: survey and practical guide. Data Min Know! Discov 18, 140—
181. https://doi.org/10.1007/s10618-008-0114-1

Lee, C. G., Farrell, A. P., Lotto, A., Hinch, S. G., & Healey, M. C. (2003). Excess post-
exercise oxygen consumption in adult sockeye (Oncorhynchus nerka) and coho (O.



35

kisutch) salmon following critical speed swimming. Journal of Experimental Biology,
206(18), 3253-3260. https://doi.org/10.1242/JEB.00548

Lee, K. P.,, Jang, T., Ravzanaadii, N., & Rho, M. S. (2015). Macronutrient Balance
Modulates the Temperature-Size Rule in an Ectotherm. The American Naturalist,
186(2), 212-222. https://doi.org/10.1086/682072

Legler, N. D., Johnson, T. B., Heath, D. D., & Ludsin, S. A. (2010). Water Temperature
and Prey Size Effects on the Rate of Digestion of Larval and Early Juvenile Fish.
Transactions  of the  American  Fisheries  Society,  139(3), 868-875.
https://doi.org/10.1577/T09-212.1

Lenth, R. v. (2016). Least-Squares Means: The R Package . means. Journal of Statistical
Software, 69(1). https://doi.org/10.18637/jss.v069.i01

Li, X., Zhang, Y., & Fu, S. (2020). Effects of short-te 'm t.isting on spontaneous activity
and excess post-exercise oxygen consumption ‘n four juvenile fish species with
different foraging strategies. Biology Open, 9(9).
https://doi.org/10.1242/B10.051755/225755

Ljungstrom, G., Claireaux, M., Fiksen, @, ¢ lurgensen, C. (2020). Body size adaptions
under climate change: zooplankton cc mn.inity more important than temperature or
food abundance in model of a zoo\.'".nktivorous fish. Marine Ecology Progress Series,
636, 1-18. https://doi.org/10.3524/meps13241

Lotze, H. K., Tittensor, D. P., B'yndum-Buchholz, A., Eddy, T. D., Cheung, W. W. L,
Galbraith, E. D., Barange, M , Ba.rier, N., Bianchi, D., Blanchard, J. L., Bopp, L., Blichner,
M., Bulman, C. M., Caro..~, D. A., Christensen, V., Coll, M., Dunne, J. P., Fulton, E. A.,
Jennings, S., .. Worm, 8. (2019). Global ensemble projections reveal trophic
amplification of orea.> piomass declines with climate change. Proceedings of the
National ASTGCTY of Sciences, 116(26), 12907-12912.
https://doi.org/10 1)73/pnas.1900194116

Martinez, M., Bédard, M., Dutil, J.-D., & Guderley, H. (2004). Does condition of Atlantic
cod (Gadus morhua) have a greater impact upon swimming performance at Ucrit or
sprint  speeds? Journal of Experimental Biology, 207(17), 2979-2990.
https://doi.org/10.1242/jeb.01142

Martinez, M., Guderley, H., Dutil, J. D., Winger, P. D., He, P., & Walsh, S. J. (2003).
Condition, prolonged swimming performance and muscle metabolic capacities of cod
Gadus morhua. Journal of Experimental Biology, 206(3), 503-511.
https://doi.org/10.1242/JEB.00098



36

McCue, M. D. (2006). Specific dynamic action: A century of investigation. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 144(4), 381—
394. https://doi.org/10.1016/J.CBPA.2006.03.011

McKenzie, D. J., Estivales, G., Svendsen, J. C., Steffensen, J. F., & Agneése, J. F. (2013).
Local adaptation to altitude underlies divergent thermal physiology in tropical killifishes
of the genus Aphyosemion. PloS One, 8(1).
https://doi.org/10.1371/JOURNAL.PONE.0054345

McKenzie, D. J., Hoglund, E., Dupont-Prinet, A., Larsen, B. K., Skov, P. V., Pedersen, P.
B., & Jokumsen, A. (2012). Effects of stocking density and sustained aerobic exercise on
growth, energetics and welfare of rainbow trout. Aqiaculture, 338-341, 216-222.
https://doi.org/10.1016/j.aquaculture.2012.01.020

McKenzie, D. J., Pedersen, P. B., & Jokumsen, A. (.CU7). Aspects of respiratory
physiology and energetics in rainbow trout (Oac>rbynchus mykiss) families with
different size-at-age and condition factor Acuaculture, 263(1-4), 280-294.
https://doi.org/10.1016/j.aquaculture.2006.10..72

Millien, V., Kathleen Lyons, S., Olson, L., S.n‘th, F. A., Wilson, A. B., & Yom-Tov, Y.
(2006). Ecotypic variation in the contex* of giobal climate change: revisiting the rules.
Ecology Letters, 9(7), 853-869. httrs:// loi.org/10.1111/).1461-0248.2006.00928.X

Morrongiello, J. R., Sweetman, P. C.,, & Thresher, R. E. (2019). Fishing constrains
phenotypic responses of mari'e ‘ish to climate variability. Journal of Animal Ecology,
88(11), 1645-1656. https://r'>i.c5/10.1111/1365-2656.12999

Muggeo, V. M. R. (2008, segmented: an R Package to Fit Regression Models with
Broken-Line Relationships. ? News, 8(1), 20-25. https://cran.r-project.org/doc/Rnews/

Nikolioudakis, M . \-ari. S., Pitta, P., & Somarakis, S. (2012). Diet of sardine Sardina
pilchardus: An “ena to-end” field study. Marine Ecology Progress Series, 453, 173—-188.
https://doi.org/10.3354/meps09656

Norin, T., & Clark, T. D. (2017). Fish face a trade-off between ‘eating big’ for growth
efficiency and ‘eating small’ to retain aerobic capacity. Biology Letters, 13(9).
https://doi.org/10.1098/RSBL.2017.0298

Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, R. A., Gnanadesikan, A.,
Gruber, N,, Ishida, A., Joos, F., Key, R. M., Lindsay, K., Maier-Reimer, E., Matear, R.,
Monfray, P., Mouchet, A., Najjar, R. G., Plattner, G.-K., Rodgers, K. B, ... Yool, A. (2005).
Anthropogenic ocean acidification over the twenty-first century and its impact on
calcifying organisms. Nature, 437(7059), 681-686.
https://doi.org/10.1038/nature04095



37

Pauly, D., International Ecology Inst., O., Kinne, O., & Jorgensen, B. B. (2010). Gasping
fish and panting squids: oxygen, temperature and the growth of water-breathing
animals. https://doi.org/10.3/JQUERY-UL.JS

Plambech, M., van Deurs, M., Steffensen, J. F., Tirsgaard, B., & Behrens, J. W. (2013).
Excess post-hypoxic oxygen consumption in Atlantic cod Gadus morhua. Journal of Fish
Biology, 83(2), 396—403. https://doi.org/10.1111/jfb.12171

Queiros, Q., Fromentin, J.-M., Gasset, E., Dutto, G., Huiban, C., Metral, L., Leclerc, L.,
Schull, Q., McKenzie, D. J., & Saraux, C. (2019). Food in the Sea: Size Also Matters for
Pelagic Fish. Frontiers in Marine Science, 6. https://doi.org/10.3389/fmars.2019.00385

Queiros, Q., Saraux, C., Dutto, G., Gasset, E., Marguerite, .\., Brosset, P., Fromentin, J.-
M. M., & McKenzie, D. J. (2021). Is starvation a rau.= of overmortality of the
Mediterranean sardine? Marine  Environment*.! esearch, 170, 105441.
https://doi.org/10.1016/j.marenvres.2021.105441

R Core Team. (2020). R: A Language and Fnvironment for Statistical Computing.
https://www.r-project.org/

Richardson, A. J., & Schoeman, D. S. (2074, C'imate Impact on Plankton Ecosystems in
the Northeast Atlantic. “cience, 305(5690), 1609-1612.
https://doi.org/10.1126/science.11L27,58

Roemmich, D., & McGowan. J. 1995). Climatic Warming and the Decline of
Zooplankton in the Caliccrn'a Current. Science, 267(5202), 1324-1326.
https://doi.org/10.1126/sc’>nce.267.5202.1324

Saraux, C., van Beveren, ., 3rosset, P., Queiros, Q., Bourdeix, J.-H., Dutto, G., Gasset,
E., Jac, C., Bonhommea. 5., & Fromentin, J.-M. (2019). Small pelagic fish dynamics: A
review of mech~nis ms i1 the Gulf of Lions. Deep Sea Research Part Il: Topical Studies in
Oceanography, 159, 52—61. https://doi.org/10.1016/j.dsr2.2018.02.010

Schwartzlose, R. A., Alheit, J., Bakun, A., Baumgartner, T. R., Cloete, R., Crawford, R. J.
M., Fletcher, W. J., Green-Ruiz, Y., Hagen, E., Kawasaki, T., Lluch-Belda, D., Lluch-Cota,
S. E., MacCall, A. D., Matsuura, Y., Nevarez-Martinez, M. O., Parrish, R. H., Roy, C,,
Serra, R., Shust, K. v., ... Zuzunaga, J. Z. (1999). Worldwide large-scale fluctuations of
sardine and anchovy populations. South African Journal of Marine Science, 21(1), 289—
347. https://doi.org/10.2989/025776199784125962

Secor, S. M. (2009). Specific dynamic action: A review of the postprandial metabolic
response. Journal of Comparative Physiology B: Biochemical, Systemic, and
Environmental Physiology, 179(1), 1-56. https://doi.org/10.1007/s00360-008-0283-7



38

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plasticity increases
resilience of ectothermic animals to climate change. Nature Climate Change, 5(1), 61—
66. https://doi.org/10.1038/nclimate2457

Shannon, L. J.,, Coll, M., Neira, S., Cury, P. M., & Roux, J.-P. (2009). Impacts of fishing
and climate change explored using trophic models. In D. Checkley, J. Alheit, Y. Oozeki,
& C. Roy (Eds.), Climate Change and Small Pelagic Fish (pp. 158-190). Cambridge
University Press.

Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecological response to
climate change. Nature Climate Change, 1(8), 401-406.
https://doi.org/10.1038/nclimate1259

Stearns, S. C. (1989). Trade-Offs in Life-History Evolutio’1. r.'nctional Ecology, 3(3), 259.
https://doi.org/10.2307/2389364

Stearns, S. C. (1992). The evolution of life .‘istories. Oxford University Press.
http://www.sidalc.net/cgi-
bin/wxis.exe/?lsisScript=sibe01.xis&method=pr sta “armato=2&cantidad=1&expresion=
mfn=007580

Steffensen, J. F. (1989). Some errors in ‘esp.‘rometry of aquatic breathers: How to avoid
and correct for them. Fish Cnysiology and Biochemistry, 6(1), 49-59.
https://doi.org/10.1007/BF0295-209

Svendsen, J. C,, Steffensen, J. F., Azrestrup, K., Frisk, M., Etzerodt, A., & Jyde, M. (2012).
Excess posthypoxic oxyge* co..sumption in rainbow trout (Oncorhynchus mykiss):
Recovery in normoxia .nd nypoxia. Canadian Journal of Zoology, 90(1), 1-11.
https://doi.org/10.1129/2_1-095/ASSET/IMAGES/Z11-095TAB1.GIF

Thoral, E., Queiras, Q., Roussel, D., Dutto, G., Gasset, E., McKenzie, D. J., Romestaing,
C., Fromentin, J., Sa.aux, C., & Teulier, L. (2021). Changes in foraging mode caused by a
decline in prey size have major bioenergetic consequences for a small pelagic fish.
Journal of Animal Ecology, 1365-2656.13535. https://doi.org/10.1111/1365-
2656.13535

Tirsgaard, B., Svendsen, J. C., & Steffensen, J. F. (2015). Effects of temperature on
specific dynamic action in Atlantic cod Gadus morhua. Fish Physiology and
Biochemistry, 41(1), 41-50. https://doi.org/10.1007/s10695-014-0004-y

van Beveren, E., Bonhommeau, S., Fromentin, J.-M., Bigot, J.-L., Bourdeix, J.-H., Brosset,
P., Roos, D., & Saraux, C. (2014). Rapid changes in growth, condition, size and age of
small pelagic fish in the Mediterranean. Marine Biology, 161(8), 1809-1822.
https://doi.org/10.1007/s00227-014-2463-1



39

Verberk, W. C. E. P., Atkinson, D., Hoefnagel, K. N., Hirst, A. G., Horne, C. R., & Siepel, H.
(2021). Shrinking body sizes in response to warming: explanations for the
temperature—size rule with special emphasis on the role of oxygen. Biological Reviews,
96(1), 247-268. https://doi.org/10.1111/brv.12653

Véron, M., Duhamel, E., Bertignac, M., Pawlowski, L., & Huret, M. (2020). Major
changes in sardine growth and body condition in the Bay of Biscay between 2003 and
2016: Temporal trends and drivers. Progress in Oceanography, 182, 102274.
https://doi.org/10.1016/j.pocean.2020.102274

Ward, B. A,, Dutkiewicz, S., Jahn, O., & Follows, M. J. (2012). A size-structured food-web
model for the global ocean. Limnology and Ocearography, 57(6), 1877-1891.
https://doi.org/10.4319/10.2012.57.6.1877

Wootton, H.F., Morrongiello, J.R., Schmitt, T., Audzii<.~ v, A., 2022. Smaller adult fish
size in warmer water is not explained by elevated rie:abolism. Ecol Lett 25, 1177-1188.
https://doi.org/10.1111/ele.13989

Zarubin, M., Farstey, V., Wold, A., Falk-Peters:n, &, & Genin, A. (2014). Intraspecific
differences in lipid content of calanoid co )escds across fine-scale depth ranges within
the photic layer. PLoS ONE, 9(3), 1-10. k‘tps://doi.org/10.1371/journal.pone.0092935

Zhang, Y., Claireaux, G., Takle, H., ,* gensen, S. M., & Farrell, A. P. (2018). A three-
phase excess post-exercise oxyg.on consumption in Atlantic salmon Salmo salar and its
response to exercise trairin, Journal of Fish Biology, 92(5), 1385-1403.
https://doi.org/10.1111/JFB 23527

Zuur, A.F., leno, E.N., Whlker, N., Saveliev, A.A., Smith, G.M., 2009. Mixed effects
models and extensiors in =cology with R, Statistics for Biology and Health. Springer
New York, New Yor,, i.V. nttps://doi.org/10.1007/978-0-387-87458-6



Author contributions

Quentin Queiros: Conceptualization, Formal analysis, Investigation, Writing - Original Draft,
Visualization; David J. McKenzie: Conceptualization, Investigation, Resources, Writing -
Review & Editing, Supervision; Shaun Killen: Conceptualization, Funding acquisition; Gilbert
Dutto: Conceptualization, Investigation, Writing - Review & Editing; Claire Saraux:
Conceptualization, Writing - Review & Editing; Quentin Schull: Conceptualization, Writing -

Review & Editing, Supervision, Funding acquisition

40



Declaration of interests

XThe authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

[rhe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

41



Graphical abstract

4m Energy trade-offs

Size shrinking ‘
- Higher maximal oxygen consumption

- Longer feeding duration
- Digestion effects being negligible

L
Y
e
e
particulate feeding é

% W

€ change ) filtration

> g4 Yo s
iﬁ "

42



Highlights:

e Size decline in fish may be a universal response to global change

e Global change can disturb energy balance of consumers feeding at low trophic levels
e Prey shrinking raised the energetic costs of feeding and daily energy expenditure

e Warmer waters with smaller prey dramatically increase energy expenditure
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