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Abstract

Aim

The negative correlation between temperature and body size of ectothermiks gbroedly
known as the@emperaturesize ruleor TSR) is avidely observed pattern, especially in
aguatic ,@rganisms. Studies have claimed that T&Rsadue talecreasa oxygen solubility
and increasing metabolic costs at warmer temperatures, whedgdpgn supply to a large
body becomes increasingly difficult. However, mixadpiricalevidence has led to a
controversy‘about the mechanisms affecting species’ size and performanceiffecst
temperature.,\We review the main competing genetic, physiological and ecological
explanations for TSR and suggest a roadmap to move the field forward.

L ocation

Global

Taxa

Aquatic ectotherms

Time period

1980 —Present

Results

We show thaturrent studiesannot discriminate amoraiternative hypothesesd none of

the hypothesesan explain all TSRelated observations. To resolve the impasse we need
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experiments and field-sampling programs #ycificallycompare alternative mechanisms
and formally consider energetigsdated tagrowth costs oxygen supply and behavioive
highlight the distinctia between evolutionary and plastic mechanisms, and suggest that the
oxygen limitation debate should separate processes operating on short, decadaéaniimill
timescales.

Conclusions

Despite decades of research, we remain uncertain whether TSRdapive response to
temperaturgelated physiological (enzyme activity) @rological change$ood, predation,
other mortality), ol response toonstraintoperatingata cellular level (oxygen supply and
associated,costs)o make progress, ecologists, physiologists, modellers and geneticists
should work togetheo develop arossdisciplinaryresearch program that integrates theory
and data, explordsmne scales over which TSR operates, and asskssissto adaptation or
plasticity. We identify four questions for such a program. Answering these questions is
crucial given thavidespread impacts of climate change and reliance of management on
models that are highly dependent on accurate representation of ecological anidgibgsio

responses to,temperature.

Keywords: adaptation, alternative mechanisms, climate change, growth, poikilotherm,

energy budget; geometric biology, temperature size rule

1 Introduction

Declining 'body size is recognised as a universal response of ectotherms to global warming
(Daufresnestzalx2009). Body size reduction is particularly fast in aquatic environments
(Forster, & Hirst,.2012; Hornet al., 2015) where sizes of fishes and other ectotherms have
declinedsin-thesrange of Z0% over the last few decad@audronet al., 2014; Audzijonyte

et al., 2016; van Rijret al., 2017) Whilst harvesinduced changes in body sizes and growth
rates (either phenotypic or evolutionary) are likely to be partly resporiSihéepe &
Hendry,.2009; Audzijonytet al., 2013) the rate of the observed decline seems much faster
than expectedfrom evolutionary responses alone (Audzijehgte 2013) and in some
species it does not correlate to the fishing mortality (Béeidronet al., 2014). Instead, meta-
analyses and other studies suggest that across a broad range of taxonomic groups (from
bacteria to vertebratpaquatic ectotherm body sizes decline by about 3% feoflwarming
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(Angillettaet al., 2004; Forsteet al., 2012; Hoefnagel & Verberk, 2015; Horeeal ., 2015).
Despitethe ubiquityof the TSR across taxeve still do not adequately understand why
animals should get smaller as temperatures rise and the quest for a general unifying

mechanism remains one of biology’s greatest challenges.

Oxygen limitatia) was originally proposed akey mechanism to explain smaller ectotherm
body size at higher temperatures (see review inAgkinsonet al., 2006). Since oxygen

diffusion across membranes is less sensitive to temperature than metabolism (Q10 ~ 1.4
versus Q10.~ 1.5-4.0 respectively, Woods, 1999), where Q10 of 2 thehasprocess

speeds uptwo-fold for every TDincrease in temperaturegducing cell and bodsizes help
increase surfaem®-volume ratio and improve diffusion-driven oxygen supply. Most
multicellularorganisms hawexygen supply mechanisms that arere elaborate than

diffusion alone, yet the trade-offs in oxygen supply and demand and their relationship to
body size have remained centrab&veral hypotheses of temperatdependent body size

and performance optimisation (Bertalanffy; Pauly, 1981; Poeradr, 2004; Atkinsoret al.,

2006; Verberletal., 2011). For example, the gill oxygen limitation (GOL) hypothesis

(Pauly, 1981) proposes that body size in fish is limited by the inability of(gilese surface

area is limited) to supply sufficient oxygen to satisfy disproportionally increasing metabolic
costs, which.seale with body volume rather than surface area. Since metabolic costs increase
at higher temperatures, it follows that the limitatan body size will be more pronounced in
warmer watersln aquatic organisms the potential role of oxygen limitation is likely to be

even stronger, because extracting oxygen from water is much harder than frama air

because oxygen solubility in watezaeases with temperature (Forsteal., 2012).The
temperaturaependent response of body tissues to oxygen supply is also central to a more
general body size optimisation hypothesis, the MASROS (“maintain aerobi aodp

regulate oxygen'supply”) (Atkinsaat al., 2006). This states that through developmental
plasticity, bedy:size is optimised for a given environmental temperature to maintain the scope
for aerobic-activity. Oxygen is also a key factor in the ‘oxygen- and cagawitgd thermal
tolerance’ (OCLTT) hypothesi{®o6rtneret al., 2017) which focuses on temperaturated

aepbic scopeand performance. While the OCLTT is only tangentially related to bedit siz
nonetheless presents oxygen supply as the main determinant of an organism’s performance
The central tenet of all these hypotheses, that the ability to supply oxygen doesenaithca
body size as fast as the demand daed,this limitation intensifies at higher temperatures, is

ofteninvoked in ecological studies to explain observed decreases in body size, including by
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the authors of this study (Baudretnal., 2014; Morrongiellcet al., 2014; Waples &
Audzijonyte, 2016; &n Rijnet al., 2017).

Recently, the importance of oxygen supply as a determinant of body size has been
questioned:lefevre et al. (2017, 2018) challenged the claim that oxygen supply could limit
growth and body size under most conditions, at least for gill breathing ectothesimas

fish. Indeed, the current view among physiologists is that oxygen uptake can be easily
modulatediby organisms and therefore reflects oxygen demand rather than the other way
around. The generality of OCLTT, and particularly the adequacy of aequge surves to
predict thermal performance, have also been debated (Clark et al.,JagéRet al., 2018).

In fact, thefassumption of lower oxygen availability in warmer water itself is wodatiny.
Although oxygén solubility is lower at higher temperatures, the actual “bioaviylatsil

higher when the water viscosity, oxygen diffusivity and ventilation costs are taken into
account(Verberket al., 2011)

The confusien.around the bodize and temperature corrétais even extends to well-known
“laws” and “rules” describing decreasing body sizes at warmer temperatures. For instance,
the welkknown Bergmann'’s rule was initially proposed to explain the interspecifierpait
larger endotherm body sizes in cooler environments, presumably driven by the physics of
body surface to volume ratios and heat loss. Bergmann'’s rule focused on latitude, but was
later applied to a range of geographic clines where temperature is only one source of
varability. Originally the intraspecific extension of Bergmann’s rule was referred to as
James' ruléJames, 1970), but currently negative body size temperature correlations at both
inter- and intraspecific levels, and for both endand ectotherms, adtenreferred to as
Bergmann’s ruléMeiri, 2011) In parallel to these field observatibased rules,

experimental studies have shown that temperature experienced during development also
affects adult'body sizes of ectotherms. In organisms as diverse as bacteria and fish, higher
developmentaltemperatures lead to smaller adult body sizes, whicloiwadtbhe name of
temperaturesize rule (TSR) (Atkinson, 1994)First,the TSR specifically addressed the
phenotypic plasticitydriven body size temperature correlation during ontogenetic
development. Subsequently, the TSR was applied to expldengleraturesize

experimental findings (both phenotypic and genetic), and sometimes evespedifie field
observationgAngillettaet al., 2004; Koztowski et al., 2004).
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163  Not surprisingly, recent debates about the possible role of oxygen limitation orsdpadye

164  size and performance, combined with the soélelevantiterature, has left many ecologists
165 and modellers confused about the validity of current approaclpesdmt species and

166  ecosystem responses to climate change. Given that body size is a key determinant of intra
167  and interspecific interactior{®ell et al., 2011; Ohlberger & Fox, 2013), demographic

168  processes(Barneckeal., 2016) ad fisheries productivityBaudronet al., 2014) it is

169  essentl that the scientific community identifi@scoherent program to agree on and

170  investigate alternative mechanisms behind body size responses to temperature. So far

171 “progress toward a predictive theory [on species responses to environmental change] has
172 been slowed by poor coordination between theoretical and empirical activities ...

173  Consequently, despite decades of intensive research, we have little hope of lsgiccurate

174  predicting how'populations, communities or ecosystems will respond to environmental

175 change”(Angilletta & Sears, 2011).

176

177  This review bringsan updated perspective on the possible roles of oxygen and temperature on

178  the body size.efiquatic ectothermby:

179 1) Suggesting that conflicting evidence about the role of oxygen on body size might be
180 resolvedif full costs and tradsfs associated with oxygen uptake are explicitly

181 studied-and taken into account;

182 2) Proposing a clearer distinction and recognition that body size reflects both genetic
183 (evolutionary) as well as phenotypic (plastic) and epétie responses. The

184 mechanisms involved in shetgrm acclimation are likely to differ from those that

185 develop aver longer evolutionary timescales. Broad scalesptific comparisons

186 therefore may not be relevant for understanding spespiesHic responses to climate
187 change over the next few decades.see debate in Lefevatal., 2018 and Pauly &

188 Cheung,.2018);

189 3) Highlighting a range of alternative mechanisms that could help resolve the dlyparen
190 conflieting evidence for oxygen supply as a limiting factor on body size (Fig. 1).

191 Body'Size is an emergent property of multiple intrinsic physiological (development
192 rate, metabolic rate, intake rate, allocation to reproduction) and ecolgarh

193 availability, predation risk) processes, and oxygen supply is only one of them. Despite
194 a large body of literature on the topic, these alternatieehanisms have not been

195 clearly articulated and systematically tested.

196
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197 A comprehensive review of all the alternative oxygamd temperaturdriven mechanisms

198 underpinning body size change is outside the scope of this paper, although we do hope to
199 inspire acollaborative effort to summarise current knowledge and identify knowledge gaps.
200 To encourage future collaboratiomge end this review with four key questions tieatld

201 help to fosteradeeper understanding of the underlying processes andcheasg to

202  meaningful and accurate predictions.

203

204 2 Areaguatic organismslimited by their capacity to uptake oxygen, and

205 what arethetassociated costs?

206

207  The fundamental question relatedhie ongoing debate is whether, under normal

208  environmental.conditions (excluding extreme hypoxic environments) and normalyactivit

209 levels, aquatic organisms at any size are limited by their ability to supply oxygen to body
210 tissues. Forexample, the GOL hypothesis suggests that gill surface area hlsrdeny

211  mass scaling-exponent than metabolism, because the effective surface area that can be
212 supplied with adequate ventilation is limited by the physical space avaylabitin

213 organism's gill'regioifPauly, 1981; Pauly & Cheung, 2018) (Fig. 1a). Even if gills were not
214  limited by'space to increase the surface area and ventilation rate, this activitggeets

215  oxygen and'therefore cannot increase indefinitely (Portner, 2002). According to Pauly &
216  Cheung (2018)he GOLhypothesis provides the most parsimonious explanatioa fange

217  of responses includingmperaturalependence of maximal attainable body masses in

218  ectothermsgprevalence of small fish in tropical waters, higher sensitivity of larger individuals
219  to temperature,;and lower food assimilation efficiency in larger individuals.

220

221  From ansevolutionary perspectitighlighting adaptive responses intrinsicinability to

222 develop 'mechanisms for adequate oxygen supply seems unconvincing. Not only can gill
223  surface area berapidly modified, but other physiological mechanisms, suchias catplut

224  or blood oxygen affinity, should ensure that oxygen supply meets demand thereby avoiding
225 non-adaptive growth responses (e.g. Lefevre et al. 2017, 2018). Nevertheless, a number of
226  experimental studies and field observations do show a negative relationship between water
227  oxygen concentration and ectotherm body sizes, both in fish and invertebrates. Guppies
228 reared at 65% air saturation (i.e. 65% of normoxia) matured earlier and had stunted growth

229 (Diaz Pauliet al., 2017) and growth rate was alsegatively correlated with oxygen
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concentration in tilapia, when fish were reared at ca. 20%, 35% and 75% of atigatur
conditions (such oxygen concentrations do occur in natural tilapia habitats) (Ketlding

2008). Similarly, the amphipofisellus aquaticus raised at warmer temperatures grew to
smaller adult sizes only when oxygen was limited (Hoefnagel & Verberk, 2015), andsrotifer
in low-oxygen-lakes reached smaller body sizes than those in similar temperature -but well
oxygenated waterzarnolesket al., 2015). In contrast, other studies show that oviparous
fish can increase their maspecific oxygen consumption by nearly 30% compared to post-
spawning fish (Karamushko & Christiansen, 2002), suggesting that changes in oxygen supply
are regulated hy the internal demands rather than supply. Experiments on gill rexgodell
(rapid changes.in gill surface areafish demonstrate that gill area is often smaller than
geometricconstraints would allow and, in a number of species (including in adult individuals,
which, according to GOL should Igdl-size limited) could be increased within days if
neededNilssonet al., 2012). However, once the original environmental conditions return,

the gill area wagagain decreased and lamellae “reabsoriphdSsonet al., 2012).

Such dynamie.modification of gill surface area raises a key question, noy eldemlilated in

the recent'exygen limitation debate, concerning the potential cost (energeticrandl) of
maintaining high capacity for oxygen uptake rate. These potential costs includegdcreas
energetic cost-of maintaining ion homeostasis and water transport, increased exposure to
toxic substances in the water, and increased risk of disease and pafakitisanet al.,

2012). For example, fish with a high infestation of the tremalimttyl ogyrus (a gill fluke)

did not increase their gill surface area even when exposed to lower oxygen conditions,
possibly because more gill surface area would result in a higher parasifdilsadh et al .,

2012) Furthermore, maximum gill area is not necessarily advantageous, because oxygen in
excess can become a toxic substance and organisms must balance the need for adequate
oxygen supply.against costs of oxidative st{®&sberket al., 2013). The key question

which emergesithen is not whether aquatic ectotherms, and especially fish, have mechanisms
to increasestheir oxygen uptake (they clearly do), but what are the potestsabad
drawbackssof these adaptations on an individual’'s energy budget, emergent growth and
fithess? Are'the cosend naturef these mechanisms consistent across species and body
sizes, and how should they be accounted for when trying to predict species responses to

climate change?
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We currently lack good data on the costs of modifying and maintaining larger gill surface
areain warmer and lower oxygen environments. The energy expenditure of maintaining ion
homeostasis through gills has been estimated to account for 4-10% of the total energy budget
(Lefevreet al., 2017). This is not insignificant and compares to, for examplestmated
ontogeneticraverage &0-14% total energy allocation to growth, in Pacific bluefin tuna or
Atlantic salmon(Nisbetet al., 2012). Changes in the gill membrane permeability might help

to increase functional gill area without increasing ion exchange rate and energetic
expenditurgNilssonet al., 2012) but the costs of maintaining gill ventilation and
minimising_the,accumulation of parasites and toxic substances remain, théaghergetic

cost of oxygen. supply and ventilation might be a key determinant of polar gigantism in many
aguatic invertebrates, because in cold and viscous water the relative energytesgendi
ventilation is higher for small individuals and hencevging to big size becomes beneficial
(Verberket al., 2013). Note, that this polar gigantism hypothesis completely reverses the
traditional reasoning of oxygen limitationt-+s not that oygen availability leads to smaller

sizes in warmer waters, but rather the costs of ventilation lead to larger sizes in colder waters.

So how can, wedetermine whether oxygen availability limits body sizes in ectoth©mas
approach isto conduct measalyses that compare body sizemperature correlations in
terrestrial and-aquatic habitats. Since extracting oxygen from water ishardgr tharirom

air stronger negative temperaturkody size correlations in aquatic organisms would suggest
(indirectly).that oxygen may have a limiting effect on growth. Two recent arebsses

showed that negative temperatarbody size correlations are indeed stronger in aquatic
compared to terrestrial ectother(f®rsteret al., 2012; Hornest al., 2015). For example, for

every £C increase in ambient temperature, body size decline was ~ 3% in marine and
freshwaterspecies, but an order of magnitude lower (0.35%) in terrestrial taxa. However, it is
worth mentioning that metanalyses may be subjectitterentanalytical biases, der

example, Klok'& Harrison (2013) failed to find this effect usingikir datasets (see possible
explanationssiniHorne et al., 2015). Also, these approaches overlook many other biotic and
abiotic differences between terrestrial and aquatic environments that may or may not change

in parallel withytemperaturand oxygen.

Another approach to explore the impacts of oxygen limitation on body size is through
controlled experiments, some of which have been reviewed above. Yet, it seems that at least

for fish the experimental support on whether oxygen availability is likekyrio growth

This article is protected by copyright. All rights reserved



297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

remains sparse and somewimabnclusive. First, for understandable logistic reasmust
experiments have been conducted on small-sized invertebrates, which have dilfggent

uptake mechanisms compared to those of fish. Second, expaimeygen treatments are

often extreme compared to the changes expected due to global warming (e.g. 10% and 150%
of saturationsin/an experiment with rotifénsWalczynska et al., 2015b). Third, to understand
processes that affect widganisms, experiments should include months or years of
acclimation time, and ideally account for epigenetic developmental controldoygreaveral
generations in new experimental conditions (see below). Fourth, when oxygen biolityailabi

is taken intaaceouniVerberket al., 2011) the difference between experimental temperature
treatments for small organisms might be insignificant or even reversed. Fifth, while
experiments may demonstrate that growth is reduced at low oxygen concentratignef ma

them still do not elucidate the underlying mechanism of whether growth reductions #me due
limited oxygen supply (compromised ability to maintain metabolism and build new tissues)

or simply increased energetic cost associated with increased intake (and thus less energy left
for growth). Some of these issues are already being addressed in specificgitediesi
experiments(including by the authors of this study) and many new studies are underway, all

of which sheuld/bring important new insights in the near future.

3 Theroleof-acclimation and adaptation to ensure optimal oxygen supply

The debate about the role of oxygen limitation on body sizeguatic organisms ten
focused on thaccuracyof predicting howfish may “shrink” (i.e. grow to smaller adult body
sizes)in response to global warming (e.g. Cheung et al. 2013). Yet, the GOL hypothesis,
while predietingsclimate change effects on fish body sizes over the next 50 ygars (e
Cheung.et al..2013; Pauly & Cheung 2018), applies the same principles to comparisons
across distinet:species. Proponeaftthe GOL hypothesisigygest that a gill's ability to
supply oxygen sets a universal, temperature-dependent “insurmountable conmtréisit”
body sizes, antlirthermoreexplains why the tropics are mostly inhabited by small fish
species<Such a universal constraint appears unlikely given the range of physiological
mechanisms available to increase oxygen uptake, and the presence of large fish in the tropics
(see further dails in Lefevre et al. 2017 and Pauly & Cheung 2018). Instead, the central
guestion for ecologists, physiologists and modellers aiming to understand the iafpacts
climate change is whether the small increases in water temperaturetedfextividual body
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330 size of a given species, not whether large fish can inhabit tropical waters. In other words, are
331 expectations derived from broad insggecies comparisons relevant to predict intraspecific

332 responses? Are the constraints and costs of evolutionarilylastet@adaptations and rapid

333  phenotypic or developmental changes, comparable to those from long-term evolutionary
334 adaptations?

335

336  Species respond to temperature changes through phenotypic plasticity (&mac)imadternal

337 effects(epigenetics)and evolutionary changes (including evolution of plasticity). All of

338 these processes will be important in modulating climate change responses, and all of them
339  might have,some impact on the attainable oxygen supply and associateBelostsve

340 provide abrief'loverview of these three categories.

341

342 3.1. Acclimation

343

344  Empirical data show that most aquatic organisms exhibit substantial phenotypic plasticity to
345 acclimate to.temperature changes within days or a few weeks (Seetiath&014) Gill

346 remodding;discussed in previous sections, is one such example of acclimation to rapidly
347  increase oxygen uptake rate. Likewise, many organisms can reduce (or acclimate) their
348  standard metabolic rate within a few weeks following an acutpeeature change. The Q10

349  values measured over acute exposures to temperature are clearly unsuitable to predict and
350 model climate change responses. For example, acclimation from 1 to 8 weeks in sculpin
351  Myoxocephalus scorpius when exposed to a rise in temperature from 10 to 16°C reduced Q10
352  of standard metabolic rate from 2.4 to 1.0, i.e. acclimation completely compensdtesl for

353 effect of temperature (but the recovery of aerobic scope was only paatlblonet al.

354 (2014)). Perhaps our expectation of high baseline metabolic rates, and hence high oxygen
355 demand with.warming watemnay rely on results from experimental studies with insufficient
356  acclimationtoraltered temperaturéise. Lefevre et al. 2017)7?

357

358  While somerdegree of acclimation is likely, Q10 values from acute and atictima

359 experimentsidemonstrate that pastlimation Q10 across a range of physiological rates

360 (cardiac, metabolic or locomotion) is still close to 2, and is even higher for metabolic rate
361 (Seebacher et al. 2014, Lefevre et al. 2017). This means that although many aquatic

362 organisms do show capacity for Aeation, their physiological rates have nevertheless

363 already increased by ca. 20% over the last 20 years (Seebacher et al. 2014). The extent to
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which ectotherms can keep acclimating to changes in temperature within reasonable
biochemical constraints anirfess costs will have important implications for climate change
predictions, but this matter is yet to be resolved. Also unresolved are the @pdgéoences
(and costs) of acclimation across ontogenetic stages, and across species from different
latitudesrandtemperature regimes. Generally,-poslimation Q10 values are higher for

high latitude species (Seebacher et al. 2@8Ligpesting lower acclimation abilitigsut it is
unclear whether such a difference reflects their lower thermal plasticgynply the

different thermal consequences of temperature changes in hot versus cold emtsonme
(Payne & Smith, 2017).

In summary, it seems unlikely that acclimation of metabolic rates alone will compensate for
increased oxygen demands in warming waters. &adimation Q10 values are still close to

2, suggesting that a few degrees of warnmrikely to lead to a substéal increase in

metabolic rates. Yet, even small changes in Q10 values will have large effects on most
ecological‘or fisheriemodek that include temperature responsesl better characterisation

of individualand population variability in temperatalependence of physiological rates

(e.g. metabolic,.assimilation, feeding, and growth rates) is urgently needed. hs¢heeaof
complete acclimation of metabolic rate with warming waters, we now examine the potential

roles of epigenetics and evolution.

3.2. Epigenetic effects

We are beginning to appreciate temperatndeiced epigenetic mechanisaisindividual

level (although its effects have been known for longer, eagasichuk & Warel(©87), but to
our knowledge they have not yet been applied in models to predict species’ responses to
climate change./Temperature can leave an imprint at particular ontogenetic stages and set
developmentalitrajectories. For exampleot®& JohnstonZ012)showed that extreme
temperatures=during embryonic development of zebrafiahi rerio) hadalifelong impact

on their acelimation capacity to temperature. These impadtsgded enhanced plasticity,
suggesting that.individuals exposed to extreme thermal conditions at an egelgatebetter
acclimate to temperature changes later in life. Other similar basesbeen documenteebr
instance, the rearing temperaturdeofopean pearlsidd(tilus meidingeri) embryos

affected subsequent muscle groiteinbacheet al., 2011), while eggs of Atlantic salmon

(Salmo salar) exposed to higher temperature produced individuals exhibiting better growth in
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warmer temperaturgfinstad & Jonsson, 2012). Similar observations were made @ar roti
(Lecane inermis) where adult size was impacted by the temperature experienced by the
mothers and embryos , highlighting the importance of maternal effects and egigpdedl
stage(Walczynska et al., 2015a).

It is clear that the thermal regime experienced during development and incubation can
determine'tempature sensitivity later in life across both vertebrate and invertebrate species
(Jonsson & Jonsson, 2014), and individuals affected by higher temperatures are likely to
produce more temperaturesilient offspring. It follows then that climate change impact
predictions,about increased metabolic costs and large decreases in body sizes based on acute
temperature exposure experiments may be overstated. Does this mean that metabolic Q10
values and oxygen demands in response to warmstignated from integenerational

experiments will'be even lower than currently expected, and are there potentially different
mechanisms at play? What are the traffe of these epigenetic effects on other traits of

species reproduction and performancd how should we account for them? These

guestions are.yet to be addressed.

3.3. Evolution

The importance of evolutionary adaptations in the oxygen limitation debate has two key
aspects. First, long term evolutionary changes mean that physiologicaaodhical

constraints inferred from broad comparisons of phylogenetically distinct speeiaslikely

to apply to short term changes over the next few generations. Second, predictions for the next
50 or 100 years still need to consider evolution that@ccur over the course of several
generations. There is no doubt that species are already adapting to changing environmental
conditions;.although we have limited understanding on how such adaptations might occur and
what exactlywill'be selectg@erila & Hendry, 2014; Seebacheral., 2014) Current

models attempting to incorporate evolutionary adaptations to environmental charlge mos
assume random fluctuations in trait values or directional change at some specified or
phylogenetically derived ra(€atulloet al., 2015) Traits howevergcan be strongly

correlated and the evolution of®irait (e.g. metabolic rate or capacity for growth) is likely

to involve tradesffs with other traits (e.goutineactivity levek). Incorporating these trade

offs is essential for accurate predictions and our mechanistic understanding on the effects of
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temperature on body size, ye¢ are not aware of models that have explicitly explored them

in the projections of marine ecosystem futures.

Some insights into relevant trait tradffs can be gained from countergradient variation

studies infaquatic artdrrestrial ectotherms and endotherms. Countergradient variation means
that “genetic and environmental influences on phenotypes oppose one another, thereby
diminishing the change in mean trait expression across the [environmentalptjradie
(Conoveretal., 2009). In other words, it shows that genetic adaptations to environmental
gradients modify physiological processesntrease fitness at a given temperature. A review

of genetic'clines reported at least 60 cases of countergradient variation in fishes, amphibians
and insects, mostly related to physiological traits (Conetval, 2009). In contrast, aly 11

cases of cgradient variationwhen genetic and environmental influences are aligned and
accentuate the change in trait value actiessnvironmental gradient) were identified,

mostly in morphological characters (Conoetal., 2009). The strength of countergradient
clines matched well with the steepness of environmental gradients, suggestsugkhat

variation might.be ubiquitous (Baumann & Conover, 2011). Collectively, these studies show
that standard temperatucesrected physiological rates caary significantly among

populations oreven individuals within one populatiBartonet al., 2011; Dmitriew, 2011)

and that adaptive evolution to new temperatures can occur within a few gendizaioat

etal., 2011)

The associated tradwfs of such evolution igrowth rate and ultimately body sizenay

partly involve oxygen supply. For example, cold-adapted populations of silversidasii@
menidia) had an almost twofold faster somatic growth, enabling them to reach similar body
sizes during a shorter growing seagBaumann & Conover, 2011fast growth was
achieved. by higher boldness, longer food search rate and bigger meals, but led to lower
aerobic scopetfor sudden activity, poorer burst swimming ability and hence higher
vulnerabilitystespredatiofArnott et al., 2006; Norin & Clark, 2017)A similar negative
correlationsbetween growth rate and swimming performance was shown in expgalime
manipulations:ef three-spined sticklebaGaster osteus aculeatus (Leeet al., 2010), and

even without predatioriast growth ratés known to affecbther traits such as immune
function (Dmitriew, 2011).
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In summary, evolutionary adaptations may help overcome any physiological constraints and
optimise body sizes, and this is likely to be already happening. However, countergradient
studies discussed abogenerally focus on a population's ability to increase growth rate in
cold water enviroments with short seasons. It is hard to know whetieesame mechanisms
apply forraptimising growth rate at increasing temperatiieseover, @spite the prevalence
of countergradient examples, comparisons of experimentally observed TSR pdtégrns o
correspond with the empirically observed Bergmann’s clines, and are strongestin aquat
environments (Hornet al., 2015). Does this mean that cougtadient adaptation isot

strong enough,to balance out increasing metabolic or oxygen demands in warmer
temperatures when the full range of costs is accounted for? Or is a smaller body size in
warmer waters (or larger sizes in colder waters) indeed optimal for reasonseahielat
oxygen, where‘developmental TSR reflects long term evolution of plasticity to optimise

performance in the expected environment?

4 Alter native explanationsfor the temperature-sizerule and their

relationshipta oxygen

While the'debate on the role of oxygen availability as a limiting factor for ectothaayn

sizes stil.appears inconclusive, it also fails to acknowledge a range of alternative and widely
researchedlternativemechanisms proposed to explain the ubiq@t®mperatursize rules
(Bergmann’s, James’ or TSR in a more narrow sense). Adult body size is a trait that emerges
from a range-of interacting factors that directly and indirectly affect the growth trajectory.
The mechanisms leading to negative body-tepeperature correlations can be both intrinsic
(i.e. genetie;physiological) and extrinsic (i.e. environmental, ecologicdletmdividual

(Fig. 1b=f=Thesintrinsic processes may involve, for example, the temperature depesfdence
metabolism and hornmal effectqReineckest al., 2005) while the extrinsic processes may
entail predatory'avoidance, pollution and nutrition (Jobling & Baardvik, 199se

mechanisms can be determined by genetic architecture-bidifary strategies, plastic

growth responsesy ¢he evolution of plasticity itse(lSeebacheet al., 2014) It is

conceivable that'oxygen might play a direct or indirect role in some or even most intrinsic
and extrinsic mechanisms, but convincing empirical evidenofen lacking. Below we

highlight the main categories alternativemechanisms that have been proposed to explain a

negative temperaturebody size correlation. Rigorous and systematic evaluation of these
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mechanismsvith empirical datas urgently needed to illuminate long standing controversies,
and bridge currently parallel and potentially isolated scientific hypotheses aipdiriesc
criticised by Angilletta and Sears (2011) or Lefevre et al. (2017).

4.1. Intrinsie'physiol ogical models suggested to explain the body size and temperature

correlation

4.1.1. Decoupling of developmental and somatic growth rates

One of the:main hypotheses used to explain the TSR is the mismatch, or diftgrest of
temperature dependence in developmental ragdisdfeision or increase in life stage per
time) versus growth rates (cell growth or increase in weight per (Wag) der Have & De
Jong, 1996; Forster & Hirst, 2012; Zaal., 2012). The biophysical model oY der Have

& De Jong (1996) aims to provide a universal mechanism that could be applied across single
to multicellular organisms by pointing to different molecular weights and/or different
temperature.sensitivity (activation energiesimaflecules responsible fgrowth or protein
synthesis (RNA/subunits) and cell division (DNA polymerase). If growth and development
are primarily determined by the activity of these molecules, then differepetatare
sensitivities will'lead to changes in size (either posibov negtive) with temperature (Fig.

1b).

While some cells do indeed become smaller at higher temperatures, this response is far from
universal across different tissues or orggkikinsonet al., 2006) Yet the mismatch between
development and growth rates is indeed seen in many organisms, and nicely demonstrated in
an experimental study of a brine shritemia franciscana (Forster & Hirst, 2012). For this
species,.and.other crustaceans, the slope of wepgtific growth rates against temperature
decreaseswithithe progression of life stages, meaning that higher temperature depresses
growth in latersife stages more than it does in early ones. In contrast, the slope of
developmental rate against temperature is constant, and the rate of differentiation is not
affected by amontogerngmperature interactio®uch responses produce a reverse TSR

(larger body sizes at warmer temperatures) in the youngest life stages and regular TSR in
adults. Further empirical support comes from many groups, including fish, and seress
generations (Atkinsost al., 2006; Forster & Hirst, 2012).

This article is protected by copyright. All rights reserved



531 These empirical observatiorathough well supported, still do niokentify the possible

532 underlying physiological mechanism(s) of the temperature - body size relgtionisé key

533 assumption, that the main driverdgferent temperature sensitivities of developmental and
534  growth enzymas or moleculeévan der Have& De Jong, 1996; Zuet al., 2012), to the best
535  of our knowledge, remains empirically untested. Since developmental rateghdyditiked

536  with size, decreased growth rates in later stages with temperature could also in theory be
537 caused by compromised oxygeumpply (in line with Paulg Cheung 2018 arguments) or

538 adaptive plasticity in expectation of such limitation.

539

540 4.1.2. Temperature dependence of growth efficiency

541

542  Growth efficiency is defined as the fraction of consumed (gross efficiency) or assimilated
543  (net efficiency) energy incorporated as new body mass. First attempts to find mechanistic
544  explanations for TSR were largely based on the argument that within speciessthe gro
545  growth efficiency decreases with temperat{Bertalanffy; Strong & Daborn, 1980; Perrin,
546  1995)(Fig. de)-Fhese explanations largely rely on the von Bertalanffy growth equation,
547  which models.growth, as a function of anabolism aatdlmlism:

548

549  dw/dt =kwW™ - JW"

550

551  where W = body weighk is the coefficient of anabolisrhis the coefficient of catabolism

552 andmandn are exponent parameters. From this equation Perrin (1995) and Strong & Daborn
553  (1980) suggested mutually exclusive mechanisms on how temperature, based atstereffe
554  growth efficiency, could produce the TSR. The former one required different tdorgera

555 dependencies of catabolism and metabolism constaatsl(), while the latter was based on
556 changes.in.allome#s of anabolism and catabolism (differen&andn). Neither of these two
557 theories seemto be sufficient. To explain the ontogeny-dependent TSR observed in

558  crustacean@Forster & Hirst, 2012)both the constants and allometries have to change.

559  Moreovergthe metanalysis of 97 laboratory experiments across a range of ectotherm taxa
560 showed that'growth efficiency in fact increased or was independent of tempetigtiire w

561 biologicallyrelevant temperature rang@sgilletta & Dunham, 2003). Consequently,

562 temperaturalependent growth efficiency does not seem to explain the TSR.

563

This article is protected by copyright. All rights reserved



564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
501
592
593
594
595
596
597

In another recent me&nalysis across multiple speciBsrneche & Allen 2018)reported

indirect evidence that the fraction of resting metabolic energy that is allocated to growth (i.e.
the “cost of growth”) increases with temperature but is independent of size. This means that
growth across all sizes and the trophic transfer efficiency in the ecosystem, becomes
increasingly-inefficient as temperature goes up. If the total available energy remains the
same, increasing cost of growth will lead to less energy converted to biomass and smaller
body size."Although at first the results of Angilletta and Dunham (2003) seem contrsadicto

to those ofiBarneche and Allen (2018). However note that they are not necessarily
comparable.for.two reasons. First, the results of Barneche and Allen (2018) are based on an
inter-specific comparison witfamily-level parameter estimates which may or may not

reflect the sesponse that occurs within species. Second, it is possible that the increased costs
of growth could come at the expense of other components of total metabolic ratee(gge e
budget figure 1 iHou et al. (2008)without affecting the ratio between assimilated energy

and growth,

One key preblem with the growth efficiency approaches that rely on a von Bertalanffy
function (Strong & Daborn 1980, Perrin 1995, Pauly & Cheung 2018) is that they ignore the
single evolutionary goal of every organism — reproduction. The von Bertatmiition may
describe asymptotic growth statistically, but it is not suitable for mechanistic understanding
because it does not differentiate between growth and reproduction. Indeed, “the use of
Bertalanffy’'s (1960) model of growth has been one of the main obstacles to a proper
understanding of the factors responsible for the ubiquity of the tempes&tanasle”

(Koztowski et al., 2004). To produce asymptotic growth the model requires that the exponent
of catabolism Is larger than the exponent of anabolism, but such a relationship ivexgalni
across animal@Brown et al., 2004). Moreover, as already pointed ouKlaytowski et al.

(2004), thé attempt to understand asymptotic size based on anabolism and cathdssism

not make evolutionary sense — why grow to a size where catabolism equals anabolism and no
energetic surplus is left for reproduction? In many ectotherms, and espiecielhy
reproductive’output scales hypstemetrically with sizgHixon et al., 2013;Barnecheet al.,

2018) an outceme that directly challenges the idea that growth is limited by increasing
catabolic costs.

In summary, despite decades of research it is still unclear how the allocation of energy to

different processes (metabolisgnpwth, reproduction), and their respective efficiencies,
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relates to size and temperature, and what the underlying mechanisms are. There is some
support for different temperatutependent allometric exponents of intake and metabolism
across fishef.indmarket al., 2018) which could be due to surfacglume ratio effects or
changes in water viscosity and respiratory costs. If, after accounting for refpreduc
allocation; energy conversion efficiency to growth is indeed lower at higher temperatha
larger sizes, does oxygen supply play a role? To answer this question we again need
specifically designed experiments that control for temperature agyand assess the full

energy budget of individuals.

4.1.3. TSR duetolarger reproductive output and cost

When energy expenditure for reproduction is considered, TSR could emerge if tatitar, e
growth and /or developmental rate and earlier onset of maturation produces anargerall
lifelong allocation of energy to reproduction versus growth (Fig.This has already been
proposed by Brrigan & Charnov1994), who suggested that TSR results from a negative
correlation.between maximum body size and asymptotic growth rate, meaningttrat fas
growth early in life leadto earlier maturation and smaller adult body sEch a negative
correlation is indeed observed across a range of taxa, and at least in fish has been formalised
as one of the hifdvistory invariantgCharnowet al., 2013) Since individuals start allocating

to reproduction before the onset of maturation (gonadal development, reproductive behaviour
and other associated costs), the slowing down of somatic growth rates should Hegin in t

later stages of immaturity but not in juveniles, a pattern consistent with appasperature-

size patterns at different ontogenetic stgfesster & Hirst, 2012)Moreover, reproduction

entails not only the energy directly released in spawn, but also (possibly substeaditect
energetic costs for energy conversion and reproductive behaviour (AytzifoiRichards

2018). These.indirect costs will affect the final energy conversion rate, but ¢endioéctly
estimated fromithe released egg weight and, typically, are not incorporatecintb gr

models.

Higher overallreproductive allocation dteeearlier maturation at higher temperatures can
produce the TSR. However, the underlying mechanism, adaptive significance, and tife rol
oxygen for this phenomenon remain unclear. For example, if intake and metabolism
allometries indeed reduce energy conversion efficiency at higher temperatures, smaller size

and earlier reproduction will be an adaptive way to increase reproductive output.
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632  Alternatively, if oxygen supply to large body size is indeed compromised at higher

633 temperatures, earlier maturatiand resulting smaller body size would also be adaptive. This
634  might suggest a potential role of oxygen concentration in the onset of maturation, which
635 could be tested in experiments. As mentioned earlier, these questions should $sedddre
636  with experiments that assess detailed energy budgets (estimating growth addatimm

637 allocation @and costs) under controlled temperature and oxygen conditions.

638

639  4.1.4. Changesin genomesize

640

641  An alternative “bottorrup” explanation for the family of temperatwsizerules is that colder

642 temperature leads to increased genome size and consequently larger cells and slower cell
643  division (Hesseret al., 2013). Changes in genome size could arise due to adaptation to cold
644  conditions (e.g. genome glication to increase enzyme activity levels) or maladaptive

645  processes (accumulation of “junk DNA” in cold water due to smaller population sides a

646  selection pressure). Experimental data and convincing proof for this hypothesisfé thus

647 lacking, because, like with other hypotheses, such experiments would have to address
648  possible genotype/environment interactions and their adaptive significance. However, it is
649  importantto note that, first, not all cells are larger in colder environnjatiisisonet al.,

650 2006), and, second, that the “junk DNA” and selection-driven changes on the ggneme

651  would require several orders of magnitude of difference in population size (Lynch &Coner
652  2003). Since TSR is observed repeatedly within each gene¢atoster & Hirst, 2012), it

653  should be relatively easy to assess how both cell and genome size change depending on
654  rearing temperature.

655

656 4.2 Ecological processesthat could lead to an emergent correlation between

657 temperatureand body size

658

659 Increaseditemperatures may cascade to alter resource levels, population dynamics and species
660 interactionsFor example, predator-induced changes in resource demand or supply could act
661 to both increase or decrease the body mbpsey (DeLong & Walsh, 2015). Experimental

662  studies usually do not address these ecolotactdrs, nor the likelihood that predator

663 avoidance may substantially modify individual physiology. A broad range of ecological

664  processes and their interactions with genotype and emergent growth makesopedicti
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challenging. Nevertheless, two ecologipedcesses seem to be sufficiently general to be
considered as alternative candidates for the mechanisms underlying the teregematule.

4.2.1. Mismatch in supply and demand of food availability

Resource supply models state that the proximateedausptimal body size is determined by

the temperaturdependent interplay of resource supply versus demand (Fig.Hie)means

that “optimal body size is that which matches bodily resource demand to the expected
environmental supply of resources opea capita basis”(DeLong, 2012)If temperature

affects the per_capita resource demand and supply at different rates, then the optimal body
size will also change. This could happen if, for example, metabolic rates (andusriigeq

food intake ratés) increased faster than primary production rates, leadirtgotog@iscontrol

of consumers on primary producers (Schatial., 2018). Alternatively, changes in the ratio

of protein and carbohydrate availability can be affected by different temperatures and
subsequentlaffectadultbody size, at least in terrestrial ectothefhreeet al., 2015)

Moreover, even/if resource density is temperature-independent, increasempnesiaat

high temperatures (see next section) may cause behavioural shifts in the prey that will inhibit
foraging (Lima & Dill, 1990) and thus effectively reduce food supply and change body size
(DeLong & Walsh, 2015). This mechanism of food supply and demand is linked to external
ecological conditions and is therefore different to the largely intrinsic oxygenyaigmland
hypotheses distssed above. In general, the mechanism has good theoretical foundations, but
so far the experimental evidence has mostly been derived from single cell organisms and
remains inconclusive. For example, while experiments with a cilieitehymena

thermophilawhen showed that food supply is linked to temperature, the body size response
may take awide range of forms (DeLaoai@l., 2017), which does not provide a universal

explanation. for.the temperatuseze rule.

4.2.2. Evolution:of earlier maturation in response to increased mortality at higher

temperatures

Across a range of environments, natural mortality generally increases with temperature
(Pauly, 1980). This selects for evolutionary changes towards earlier maturatieelectobn
towards increased reproductive investmaritich will in turn lead to smaller body sizes in
warmer environmentRoff, 2002; Koztowski et al., 2004) (Fig. 1f)Note that this
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699  mechanism involves natural selection and evolution and is therefore diffenenthie

700  mechanism described in Fig. 1d, where earlier maturation is caused by develofmctoisl
701  Increases in natural mortaliég higher temperaturesuld be driven by the direct effects of

702  temperature (such as oxidative stress and faster senescence) or changes in feeding rates and
703  predation"mortalityPauly, 1980). While the former appears too small to explain TSR

704  (Angillettaet al., 2004) latitudinal or temperatur@lependent changes in predation mortality
705  can have a substantial effect on physiological adaptations, growth rate and body sizes
706  (Reznicketal., 1997; Lankford Jet al., 2001).

707

708  Although this mechanism has strong support inHifgery theory, @olutionary responses

709  cannot explain developmentally driven TSR patterns within a single generation. Moreover
710  while evolutionary change of life-history traits can be rapid under strong experimental

711  selection pressurg&onover & Munch, 2002), the observed changes in ectotherm body sizes
712 (10-20% change, e.g. Audzijonydeal., 2013) and growth rates (e.g. 2.5% per annum,

713 Morrongiello & Thresher, 2015ver the last few decades seem too fast to be explained by
714  evolutionapy.ehange alone.

715

716  There is no doubt that natdmortality plays an important role in genetic and developmental
717  growth trajectoriegLind & Cresswell, 2005)However, the complex interplay of

718 temperature, predation, resource availability andneiilatory behaviour means that general
719  predictions are unlikely. We are still far from understanding the potential fitness

720 consequences of anti-predatory behaviour (Lind & Cresswell, 2005) and their links with an
721  individual's physiology and even oxygen supply. For example, countergradient variation
722  studies have shown that animals in colder and lower predation environmentseiticegas

723  meal sizes.and thus maximise their growth rates, but have losefgeding aerobic scope

724  for activity'and.therefore are more vulnerable to predg#onott et al., 2006).Yet, increase

725 in feedingratesiand natural mortality in warmer waters is more related to the overall

726  productivitysand activity rates, so it is unlikely that oxygen supply could be seen s a ke
727 underlyingsdriver in determining optimal bpdizes at different mortality regimes.

728
729 5 Conclusions and key future questions

730
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731 It seems that despite each of the intrinsic and extrinsic mechanisms described above having
732 some empirical support, 15 years after the Angilletta and Dunham (2003) reviane widl

733 reaching the same conclusion that none of these mechanisms appear to be sufficiently

734  universal. Could the costs of oxygen supply in aguatic environments be an underlying driver
735  for changestinsgrowth efficiency, shifts in reproductive allocation, changel ande

736 genome size, orability to match intake rates with metabolism? Speculative links can be

737  drawn, but'we still'do not have sufficient experimental data to confirm or térit®le of

738  oxygen, either directly or through genotype/environment interactions, and evolution of

739  developmental.plasticity in driving observed patterns in body size. We also noterthat

740  some species, experimental TSR studies show an increase rather than a decrease in size with
741  increasingitemperatuf@tkinson, 1994; Van der Have & De Jong, 1996; £ual., 2012)

742 Yet, these exceptions are found mostly in terrestrial air-breathing organismsstsug ¢jeat

743 oxygen or any factor that differs between aquatic and terrestrial environments (@gityis

744  may play a role (Hoefnagel & Verberk, 2015).

745

746 A resolution.on.the key processes that might shape individual body size with rising

747  temperatures,.and an understanding of the situations in which each will be impecfaingsr

748 interdisciplinary collaborations across theoretical biology, genetics, physiologytienary

749  biology, expesrimental physiology, field ecology, climate change adaption, fishediehean

750 fields. Without such collaborations, research into TSR will continue to develop in parallel

751  without any prospect of developing a unified general understandfeguggest that

752  outstanding research areas that must be addréssedyh such interdisciplinary

753  collaborationshould include:

754

755 1. Determining the importance of acclimation and epigenetic control of temperature

756 dependence of metabolic rates and associated oxygen demand. How do temperature
757 reactionsnorms change with acclimation at inarad inergenerational levels? Is the

758 changesin temperature dependence different among different processes (e.g. search
759 rategmetabolic rate, escape rate, specific dynamic action and @b#rt;al., 2011,

760 2014); and how are they affected by body gizedmarket al., 2018 Answers to

761 these questions are urgently needed for all models that apply indileseal-

762 temperature dependence of physiological rates to predict population and community
763 structure(Brown et al., 2004; Barnechet al., 2016).
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2. Understanding the costs and benefits of increasing oxygen supply to meet higher

metabolic demands in warmer waters. Are ventilation costs significant enough to
affect energy availability for growth? And will increased oxygen uptake affeat othe
functions,such as vulnerability to disease or predation? To answer these questions,
we'need'more integenerational experimental studies on both vertebrate and
invertebrate ectotherms, in controlled oxygen and temperature conditions and with
well'quantified individual energy budgets. These studies would need to deal with
realistic temperature and oxygen levels expected in the next century to be applicable

for climate change predictions.

. What are the adaptive or maladaptive implications of temperbhtdyg mass

correlations, and to what degree does selection work to account for potential
constraints (enzyme rates, oxygen solubility) at molecular or cellular levels? Focused
and welldesigned interdisciplinary studies are needed to answer these questions.

Do ectotherms living in regions experiencing different degrees of warming display
decadaiscale changes in growth, body size and maturation consistent with projections
from.meehanisms outlined above? If the physiology underpinning the TSR is
universalin the sense of affecting many species similarly, then there should be a sub
component of the total variation in growth (e.g. the common trend detected in
Baudron et al. 2014) that is synchronous across species and also correlateewith t
trends in temperature. The lotegm data available from otoliths collected for
commercial fish species represent a unique opportunity to use regional seas as
laboratories for detecting the fingerprint of climate change (e.g. Morrongiellg

2012).
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show rates of catabolism at cooler and warmer temperatures, astids the asymptotic
weight determined by the difference between rates of oxygen supply and catabolism; b)
different temperature dependence of DNA replication (development) and growth rates results
in smaller cells and faster cell division at warmer temperatures; c) decreasing growth
efficiency-at-higher temperature means that less energy is converted to growth (net growth
energy -NGE) in relatively warmer environments; d) higher sspecific allocation to
reproduction at higher temperatures (due toeagdier maturation) leaves less energy for
growth (grewth energy GE) in warmer environments; e) faster increase in energy demand
(metabolism, activity cost, etc.) compared with food availability leaves different amounts of
net energy(NE) for growth andproduction in cooler and warmer environments; and f)
increased predation mortality at higher temperatures drives an evolutionary response of
higher net energy allocation to reproduction versus growth to ensure breeding occurs before

an individual dies. Note that some panels have different units of x and y axes.
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