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Abstract  10 

Ectotherms typically increase growth and reduce body size when temperature increases. This 11 

physiological response to temperature, termed the temperature-size rule (TSR), is often used to 12 

predict how rising temperatures with climate change will affect higher levels of organization, i.e. 13 

guilds, communities and ecosystems. However, such predictions disregard 1) possible systematic 14 

differences in the life histories (and thus growth rates) of species selected by colder and warmer 15 

environments and 2) variation in food availability that may offset the temperature response on 16 

growth. Here we examine whether faster growth and reduction in adult body size are observed 17 

with temperature across marine fish in natural communities from polar to tropical regions. We 18 

find no effect of increasing temperature on the average asymptotic body length of fish species 19 

present in ecosystems and only a limited increase in average growth of fish species in warmer 20 

systems (Q10 = 1.4). When analyzed per fish guild, average asymptotic lengths are largely 21 

constant across temperature, whereas growth responses vary from nearly independent of 22 

temperature in large demersals (Q10 = 1.2) to positive in small pelagics (Q10 = 1.7) and 23 

elasmobranchs (Q10 = 1.9). The limited change in average growth and asymptotic length across 24 

ecosystems in some fish guilds shows that the ultimate response of ectotherms to changing 25 

temperature cannot be predicted exclusively from the TSR. Since average growth is only weakly 26 

affected by regional variation in food availability, our results suggest that colder and warmer 27 

environments select for different life histories of coexisting species. This highlights that the long 28 

term response of fish communities to rising temperatures may be characterized more by 29 

acclimatization, evolutionary adaptation, local extinctions and invasions than by the immediate 30 

temperature response of the present species.  31 

Keywords: Climate change, ectotherms, metabolic theory, teleost fish, temperature response 32 
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Introduction 33 

Most organisms are ectotherms and their physiological response to temperature has often been 34 

used to infer how their growth would respond to changing temperatures with climate change. For 35 

ectotherms, ontogenetic growth (hereafter growth) within a species is typically increasing with 36 

temperature to a certain optimum after which growth decelerates (Kingsolver 2009). The 37 

increase in growth is predicted to scale with temperature in the same way as metabolic rates and 38 

with a ≈2.5-fold increase for each 10°C increase in temperature (Brown et al. 2004, Grady et al. 39 

2014). Faster growth at higher temperature is normally associated with a reduction in adult body 40 

size and the combined response is referred to as the temperature-size rule (TSR) (Atkinson 41 

1994). Used in a climate-change context, the TSR predicts that a net increase in temperature 42 

leads to faster growth and shrinking of adult body size. These changes are predicted to initiate 43 

loss of diversity and reductions in production (Sheridan and Bickford 2011, Cheung et al. 2013).  44 

While changes in growth and adult body size with temperature are observed in many within-45 

species studies (Atkinson 1994, Angilletta et al. 2004, Daufresne et al. 2009), it is unclear 46 

whether the TSR translates into a community response with faster average growth and smaller 47 

average adult body sizes at higher temperatures. At least three other processes could affect the 48 

community response: acclimatization, local extinctions and invasions, and evolutionary 49 

adaptation. These processes may affect average growth and adult body size of species in an 50 

ecosystem similar to the TSR, but they may also work in the opposite direction (Ohlberger 51 

2013). Previous work has shown that it is possible for ectotherms to grow relatively fast in cold 52 

waters (Clarke 1983, 2003) and that evolutionary adaptation may offset the effect of temperature 53 

on body size and physiological rates (Clarke and Johnston 1999, Belk and Houston 2002, 54 

Kingsolver and Huey 2008). Such adaptations are likely to be driven by community assembly 55 
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processes, where species are selected according to how well they are adapted to a given 56 

environment. Community assembly may therefore override the short-term physiological response 57 

to temperature change such that average growth and body size no longer follow the TSR 58 

predictions.  59 

Here we examine whether faster average growth and reduction in average adult body size are 60 

consistently observed with increasing temperature across marine fish guilds (where guild is 61 

defined as a group of species that exploit the same resource and have a similar ecological niche). 62 

Previous studies on marine fish support to some extent that the interspecific response could be in 63 

line with the TSR predictions. Studies have found that average fish growth is faster in warmer 64 

waters (Sibly et al. 2015, Clarke 2017), even though the rate of increase with temperature is 65 

lower than predicted from metabolic theory. Furthermore, the average maximum body length of 66 

fish species has been found to increase with latitude in some oceanic regions (Fisher et al. 67 

2010a). However, the variability around the average response is high in these studies. We 68 

hypothesize that much of this variability arises because large-scale comparisons ignore 69 

differences in guilds. Some fish guilds may be characterized by limited temperature ranges, e.g. 70 

deep sea fish mainly occur in cold waters, while other guilds may extend over a wide 71 

temperature range. Fish within a guild, may also have a guild-specific response to temperature, 72 

due to (guild-specific) life-history strategies (Killen et al. 2016). In addition to the possible effect 73 

of fish guilds, we hypothesize that changes in food availability across regions could offset the 74 

physiological temperature effect on growth rate, as growth ultimately depends on the rate of 75 

energy acquisition throughout ontogeny. 76 

The aims of this paper are (1) to describe empirical relationships between temperature and 77 

average growth and asymptotic length across marine fish from polar to tropical environments; 78 
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(2) to test whether relationships between temperature and average growth and asymptotic length 79 

depend on fish guild; (3) to test whether relationships between temperature and average growth 80 

depend on food availability.  81 

Methods 82 

We use the von Bertalanffy growth model to describe fish growth and asymptotic body length. 83 

The model describes the rate of growth in body weight, dw/dt, as the difference between 84 

acquisition of energy, Awn, and losses, kw (Von Bertalanffy 1957):  85 

d𝑤

d𝑡
= 𝐴𝑤𝑛 − 𝑘𝑤1.       eq. 1 86 

The coefficients A and k describe the overall magnitude of the processes, while the exponents n 87 

and 1 describe how they scale with body weight, w. Von Bertalanffy argued that acquisition of 88 

energy is limited by processes that involve absorbing oxygen or food across a surface (gills or 89 

the digestive system) and therefore scales with size raised to a power n = 2/3, whereas losses can 90 

be assumed to scale linearly with weight. Modern interpretations of eq. 1 use n = 3/4 (West et al. 91 

2001), but we use 2/3 because it conforms with available data (see later), and the exact value of n 92 

is of limited importance in this context. With a 2/3 exponent, asymptotic weight of a fish is: 93 

𝑊∞ = (
𝐴

𝑘
)

1/(1−𝑛)

= (
𝐴

𝑘
)

3

.     eq. 2 94 

The coefficients, A and k, can each be interpreted as characterizing different aspects of ecology 95 

and bioenergetics. A depends on the amount of encountered food and the digestive capacity of 96 

the fish: the more food is encountered, the more energy is available, up to the limit that can be 97 

processed. If the specific dynamic action associated with the intake of the food is also assumed 98 

to scale with exponent n, then A will be reduced accordingly. “k” may be interpreted as weight-99 
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specific reproductive output (West et al. 2001, Lester et al. 2004) and basal metabolism (Ursin 100 

1967), possibly combined with activity metabolism (Andersen and Beyer 2015).  101 

Depending upon the exact interpretation of A and k and upon the effects of temperature on food 102 

encounter, digestive capacity, and metabolism, three broad hypotheses about how temperature 103 

affects growth rates and asymptotic weight can be formulated: 1) A is not affected by 104 

temperature and k increases with temperature. This could happen if A is mainly determined by 105 

encounter with food and k represents metabolic processes. In that case, fish growth rates are 106 

weakly affected by temperature at body weights much smaller than asymptotic weight, whereas 107 

growth rates closer to asymptotic weight and asymptotic weight decrease with temperature. 2) If 108 

A and k are equally affected by temperature, e.g. if they are both governed by metabolic 109 

processes, then growth rates increase with temperature, whereas asymptotic weight is unaffected. 110 

3) Finally, if k increases faster with temperature than A, warm-water fish will grow faster and 111 

have a smaller asymptotic weight (resembling the TSR response). The effect of temperature on A 112 

will also depend on the availability of food. We can expect that an increase in prey biomass will 113 

increase A, at least until A becomes limited by digestive capacity. Since fish from different guilds 114 

(may) have different clearance rates, prey types and metabolic rates, we further expect changes 115 

in A with temperature across individuals from different guilds. All the above expectations are 116 

based on an individual (physiological) response to temperature and food availability. This 117 

ignores community-level processes, such as predation and resource competition, that may select 118 

species according to whether they are well adapted to an environment. These community 119 

assembly processes may select for growth rates and asymptotic weights that differ from the 120 

physiological responses to temperature. Selection may result in average growth rates and 121 

asymptotic weights in ecosystems with different temperatures that may not reflect the immediate 122 
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physiological responses to temperature.  123 

To examine the effects of temperature on the average growth rate and adult body size of fish 124 

guilds across regions, we used data to calculate growth coefficient A and asymptotic body size 125 

and derived estimates of temperature, fish guilds and food availability.  126 

Growth coefficient and asymptotic body size  127 

Growth from length-at-age data in the marine fish literature has generally been estimated with 128 

von Bertalanffy L∞ and K parameters. The von Bertalanffy L∞ and K parameters can be used to 129 

derive the growth coefficient A, when assuming a 2/3 exponent and the standard relation between 130 

length and weight w=cl3, as equation 1 can be rewritten in the length-based form: 131 

d𝑙

d𝑡
= 𝐾(𝐿∞ − 𝑙),         eq. 3 132 

where L∞ is the asymptotic length and 𝐾 = 3𝑘 = 1/3𝐴𝑐−1/3/𝐿∞ is the von Bertalanffy growth 133 

constant with dimension time-1. With the condition factor c assumed to be a constant across fish 134 

species (c = 0.01), the relation displays that growth coefficient 𝐴 = 𝑐1/33𝐾𝐿∞ = 0.65𝐾𝐿∞. The 135 

estimation of A avoids the use of von Bertalanffy growth constant K as a measure of growth and 136 

hence avoids interdependency of 𝐾 and L∞ (Appendix S1: Fig. S1). We use the asymptotic length 137 

L∞ as a measure of asymptotic body size. We verified in Appendix S2 that a species-specific 138 

length-weight relationship gives consistent results.  139 

We extracted von Bertalanffy L∞ and K parameters from FishBase (Froese and Pauly 2018) on 140 

27 April 2018 for all marine fish species using rfishbase (Boettiger et al. 2012). We selected fish 141 

species where the von Bertalanffy parameters (L∞ and K) were reported and where t0, describing 142 

the point in time where fish have zero length, was in the range [-2, 2] as a t0 outside this range 143 

indicates a poor data fit and/or a systematic error in the procedure to estimate fish age. When 144 
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FishBase provided the sampling locality, we manually linked it to a particular marine ecoregion, 145 

or to two neighboring ecoregions (Spalding et al. 2007). All data with indistinct, missing or 146 

unwanted (e.g. laboratory, rivers) localities or duplicated observations were removed. We also 147 

removed all species from the genera Huso, Acipenser, Anguilla, Salmo and Oncorhynchus that 148 

were classified as marine but mainly grow in freshwater and Rhincodon typus (whale shark), 149 

which is much larger than any other species in the data. This resulted in 2502 observations of L∞ 150 

and K representing 774 species in 165 ecoregions (Fig. 1). 151 

Fish guild classification 152 

We classified fish species into one of four guilds (pelagic, demersal, deep-living and 153 

elasmobranchs), following the functional group classification from the SeaAroundUs project 154 

(seaaroundus.org) (Appendix S1: Table S1). When fish were not classified in the SeaAroundUs 155 

project, we used the feeding type/habitat description from FishBase and checked for 156 

elasmobranchs. The classification of fish into one of these four main guilds ignores differences 157 

in asymptotic length that also determines a guild/ecological niche (prey versus predator species). 158 

Rather than dividing each fish guild into a few asymptotic length categories, we included the 159 

effect of asymptotic length as a continuous variable.  160 

Environmental temperature 161 

We derived temperature estimates for each ecoregion from a global earth system model (GFDL-162 

ESM2.6), as described in (Stock et al. 2017). The model is based on a high-resolution physical 163 

climate simulation model, coupled to a Carbon, Ocean Biogeochemistry and Lower Trophics 164 

(COBALT) planktonic ecosystem model (Stock et al. 2014). The model-derived temperature 165 

estimates match with temperature data from the World Ocean Atlas (correlation coefficient for 166 

sea surface temperature = 0.997) (Stock et al. 2017). Modeled temperatures on a 1 degree grid 167 
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were used to calculate for each ecoregion the average temperature in the upper 100 meter 168 

(ambient temperature for pelagic fish), the average at bottom depths < 500 meter (ambient 169 

temperature for demersal fish and elasmobranchs) and the average at bottom depths >= 500 170 

meter (ambient temperature for deep-living fish). In ecoregions without grid cells < 500 meter of 171 

depth (the 1 degree grid is coarse for areas with a small shelf), we predicted the temperature at 172 

bottom depths < 500 meter based on the relationship between bottom temperature < 500 meter 173 

and temperature in the upper 100 meter found for the other ecoregions (regression analysis 174 

shows y = 0.01 + 0.94x; r2 = 0.97).  175 

Zooplankton and benthic food availability 176 

We derived estimates of zooplankton and benthic biomass for each ecoregion. Zooplankton 177 

biomass was derived using COBALT output on a 1 degrees grid from the global earth system 178 

model (GFDL-ESM2.6). The zooplankton biomass conditions have been shown to match with 179 

zooplankton biomass observations (correlation coefficient = 0.65) (Stock et al. 2017). The model 180 

includes zooplankton prey biomass estimates for three different size groups: microzooplankton 181 

(< 200 µm), zooplankton representing small to medium sized copepods (0.2–2.0 mm) and 182 

zooplankton representing large copepods and krill (2.0–20 mm). Fish mainly feed on medium 183 

and large-sized zooplankton and these groups were combined to estimate zooplankton biomass 184 

density (gr C m-2) in the upper 100 meter of the water column. The biomass estimates of 185 

zooplankton in the model do take into account mortality from fish predation (parameterized 186 

using a density dependent closure term). Hence, our zooplankton prey biomass estimates reflect, 187 

as much as possible, the zooplankton concentrations that fish perceive in a particular region.  188 

Benthic biomass was taken from a global statistical model of macrofauna invertebrate biomass 189 

(gr C m-2) on a 1 degrees grid (Wei et al. 2011) and only the shallow water (< 500 meter) benthic 190 
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biomass estimates were included. In regions without information on benthic biomass < 500 191 

meter (because of a small shelf in combination with a 1 degree grid), values were predicted 192 

based on the relationship between shallow biomass and biomass >= 500 meter found for the 193 

other ecoregions (regression analysis shows log10(y) = 0.25 + 0.68log10(x); r2 = 0.62).  194 

Data analysis 195 

The effects of temperature, fish guild and food availability on growth coefficient A and 196 

asymptotic length were examined in a stepwise process (Table 1). For each statistical analysis, 197 

we examined the across-species response. We did not examine the within-species response, as 198 

there were only 1 or 2 observations for ~70% of the species. The across-species response was 199 

examined with a resampling procedure to incorporate variation in the number of observations per 200 

species. The resampling was done by randomly picking one observation per species with 201 

replacement to estimate model parameters and by repeating the resampling 5000 times to 202 

evaluate variation in parameter estimates. In each analysis, growth coefficient A and asymptotic 203 

length were log10 transformed. The temperature effect was examined on a °C scale and Q10 was 204 

estimated (the use of inverse temperature following the Arrhenius equation gives similar 205 

outcomes in terms of model selection and almost similar parameter estimates; not shown).  206 

We first analyzed the relationships between temperature and growth coefficient A (Table 1-M1) 207 

and asymptotic length (Table 1-M2) using a linear model. We compared the model to a null 208 

model without the temperature effect. Model selection was based on evaluating the Akaike’s 209 

Information Criterion (AIC) within the resampling procedure, and the final model was selected 210 

as the model that fitted the data in the 5000 simulations best. From the final model, we derived 211 

the mean of the estimates from the resampling procedure. Afterwards, we examined the effect of 212 

temperature, fish guild and asymptotic length on fish growth (A) with different linear models that 213 
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varied from a three-way interaction between predictor variables to no interaction (Table 1-M3). 214 

For each model, we also included t0 as a predictor variable as part of the growth variation might 215 

be dependent on the estimated point in time where fish have zero length. We performed a similar 216 

analysis on asymptotic length, while incorporating temperature and fish guild as predictor 217 

variables (t0 was not included as it is only affects growth and not asymptotic length) (Table 1-218 

M4).  Lastly, we tested for the effects of food availability. The effect of food availability on 219 

growth was only determined for a subset of the fish guilds as (modeled) data on prey availability 220 

are difficult to obtain. Since small pelagic fish (L∞ < 50 cm) primarily feed on zooplankton prey 221 

throughout their life, zooplankton biomass was assumed to be a proxy for food availability for 222 

small pelagics (Table 1-M5). Similarly, benthic biomass was assumed to be a proxy for food 223 

availability for small demersals (Table 1-M6). Pelagic and demersal species with larger 224 

asymptotic lengths and the other fish guilds were not included in the food availability analysis.  225 

To test the robustness of the patterns, we included different alternative analyses. We examined 226 

the effects of temperature on A and L∞ while selecting i) all data with t0 ± 1, ii) the maximum 227 

growth coefficient A for each species, and iii) using a re-sampling procedure to evaluate model 228 

performance when randomly picking 80% of the species (Appendix S1: Table S2-3). We further 229 

tested how small pelagic and demersal growth varies with estimates of prey production, instead 230 

of prey biomass (Appendix S1: Table S4).  231 

The classification of fish species into different guilds, the coupling of sampling localities to 232 

marine ecoregions, ecoregion environmental conditions, the von Bertalanffy parameters (as 233 

downloaded on 27 April 2018 from rfishbase) and code for all data analyses are available on 234 

github with DOI: http://doi.org/10.5281/zenodo.1455235.  235 
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Results 236 

Effects of temperature on growth 237 

Our results show that the average growth coefficient A among fish is positively related to 238 

temperature when all fish data is pooled (Q10 = 1.4) (Fig. 2, Table 2-M1). The temperature 239 

effects on growth become variable when we incorporate fish guild and asymptotic length in the 240 

model. We find most support for a model with a two-way interaction between temperature - fish 241 

guild and temperature - asymptotic length (Table 2-M3). The model predicts that average growth 242 

among demersal and deep-living fish is weakly affected by temperature, whereas average growth 243 

among pelagic fish and elasmobranchs increase more strongly (Fig. 2). Temperature effects on 244 

average growth decline with increasing asymptotic length. Using the model outcome, we 245 

compare average growth for each fish guild across a temperature gradient for two asymptotic 246 

lengths (30 and 100 cm) (Fig. 3). In waters < 5°C, the average growth of fish with L∞ = 100 cm 247 

is equally fast for demersals, elasmobranchs and deep-living fish (pelagics are not included as 248 

there is no data available on large pelagics in this temperature range), whereas species with L∞ = 249 

30 cm grow slower. In waters > 20°C, average growth is highest in large elasmobranchs and 250 

pelagic fish, whereas demersal fish grow slower due to a weaker temperature effect on growth. 251 

The effect of temperature on the different guilds is robust when compared with other methods of 252 

data selection (Appendix S1: Table S2), despite some variation in large pelagics and deep-living 253 

fish (with L∞ = 100 cm, Q10 is between 1.3 - 1.6 for pelagics and 1.1 - 1.5 for deep-living fish).  254 

Effects of temperature on asymptotic length 255 

We find no relationship between average asymptotic length and temperature when all fish data is 256 

pooled (Fig. 4, Table 2-M2). When including fish guilds, we find most support for a model with 257 

an interaction between temperature and fish guild. The model shows that the average asymptotic 258 
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length of deep-living fish declines with temperature (Q10 = 0.6), whereas the average asymptotic 259 

length of the other guilds is largely constant with temperature (Fig. 4, Table 2-M4). Three 260 

additional analyses with other methods of data selection show either a similar weak effect of 261 

temperature on asymptotic length or no effect (Appendix S1: Table S3).  262 

Effects of food availability on the relationship between temperature and growth coefficient A 263 

There is no effect of zooplankton biomass on the average growth of small pelagic fish (a model 264 

without zooplankton biomass is best supported) (Table 2-M5, Appendix S1: Fig S2). There is 265 

also no effect on pelagic fish growth when estimates of zooplankton production are used instead 266 

of zooplankton biomass (Appendix S1: Table S4). For demersal fish, we find support for a model 267 

with a three-way interaction between temperature, asymptotic length and benthic biomass (Table 268 

2-M6). The outcome shows that benthic biomass has a positive effect on growth coefficient A in 269 

warm waters (> 15°C) and for fish in cold waters with a small asymptotic length. There is a 270 

negative effect on the average growth coefficient A of fish with a larger asymptotic length (30-50 271 

cm). As shown in Fig. 5, the rate of change over the benthic biomass gradient (given average 272 

temperature and asymptotic length conditions) is small. When estimates of benthic production 273 

are used instead of benthic biomass, we find a positive effect of production on demersal growth 274 

and no interaction (Appendix S1: Table S4).  275 

Discussion 276 

Our results show no effect of increasing temperature on the average asymptotic length of fish 277 

species present in ecosystems, and only a limited increase in average growth of fish species in 278 

warmer systems. The increase in average growth with temperature varies with fish guild and 279 

asymptotic length. Food availability has a limited effect on the average growth of fish species. 280 
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The TSR response is weaker than predicted and not consistently observed across fish guilds 281 

Our results highlight that the TSR response poorly predicts growth rates and body lengths of 282 

extant fish guilds across ecosystems. In relation to growth, we find a weak positive effect of 283 

temperature on average growth of fish species (as previously shown by (Sibly et al. 2015, Clarke 284 

2017)) that is smaller than predicted from metabolic theory. The temperature effect is varying 285 

with fish guild. In relation to asymptotic body length, there is no clear indication that 286 

temperature is affecting the average asymptotic body length of fish species across guilds (except 287 

for deep-living fish, but note the very restricted temperature range for which data are available). 288 

Yet, the effects of temperature on average asymptotic length may be compromised since many of 289 

the fish species in our dataset are being fished and since fisheries mortality may cause a decline 290 

in body size (Fisher et al. 2010b). Nevertheless, a meta-analysis on TSR has shown that for large 291 

aquatic species (≥ 100 mg dry mass) body mass declines of 5% per °C are to be expected 292 

(Forster et al. 2012) and such a reduction is not observed in our analysis. This finding begs the 293 

question of which effect is responsible for negating the TSR response on individual fish species. 294 

The effect of food availability on growth is limited 295 

Variations in food availability across regions could be partly responsible for offsetting the 296 

expected growth increase with temperature. This would happen if growth rates scale with food 297 

concentration, and if food availability declines with temperature. Our results contradict this 298 

hypothesis as fish growth is rather unresponsive to regional differences in prey biomass or 299 

production (despite a minor effect of benthic biomass on demersal fish). The absence of a 300 

relation between food and growth is surprising and may be related to uncertainty in the prey 301 

biomass estimates and to uncertainty regarding the extent to which our data reflect the actual 302 

food availability. Yet, our findings are supported by a recent global analysis of reef fish growth, 303 
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where growth variation of reef fish species across regions was weakly linked to regional 304 

variation in primary production (Morais and Bellwood 2018). Growth rates are perhaps 305 

decoupled from overarching prey conditions as fish do not optimize growth but fitness. Because 306 

feeding often is associated with a higher predation risk, fish may tend to prioritize a reduction in 307 

predation mortality over increased growth rate when resources are abundant (Biro et al. 2005). 308 

Whatever the reason, the average growth rate of fish is remarkably unrelated to food conditions, 309 

and changes in food conditions can therefore not explain the absence of a TSR response. 310 

Selection by community assembly? 311 

An alternative explanation for the weak effects of temperature on average growth rates of fish 312 

guilds is that ecosystems at different temperatures select for different life histories. The 313 

implication of the weak effect of temperature on average growth rates is that ecosystems at 314 

higher temperatures select life histories with slower growth, corrected for temperature, than 315 

ecosystems at lower temperatures. This hypothesis implies that average fish growth and 316 

asymptotic body size will not be much affected by temperature change, provided that the 317 

community can respond sufficiently fast through invasions of new species or extirpations (Zhang 318 

et al. 2017) or by adaptations of existing species. Most marine ecosystems are open and 319 

invasions from nearby areas seem easy. However, for an invader to establish a viable population 320 

it must be able to close its life cycle in the new area. Life cycle closure will depend on a number 321 

of conditions, including the availability of suitable spawning locations that enable the larvae to 322 

encounter sufficient food and adequate transport to suitable nursery areas.   323 

Consequences for fish performance in warmer waters 324 

The hypothesis that the average growth and body size of fish in an ecosystem is adjusted by 325 

community assembly processes does not necessarily invalidate temperature effects at the 326 
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individual level. Our observations of a constant asymptotic size and somewhat faster growth with 327 

temperature is expected when temperature equally affects growth coefficient A and loss 328 

coefficient k (following eq. 1, hypothesis 2). If we assume that this response applies not just 329 

within, but also across species, it can be used to predict changes in the performance of fish in 330 

ecosystems at different temperatures. Therefore, we can expect that, on average A and k may 331 

increase with temperature, though our findings suggest less so than predicted by metabolic 332 

theory (Q10 ≈ 2.5) (Brown et al. 2004) or found (for resting metabolism) across teleost fish 333 

species (Q10 ≈ 1.8) (Clarke and Johnston 1999). It is difficult to disentangle the processes that 334 

control the temperature effects on A and k as each characterizes several aspects of ecology and 335 

bioenergetics. Overall, the increase in growth with temperature across fish guilds suggests that 336 

individual fish need to consume more food per unit time to cope with a higher basal metabolism 337 

and a faster growth. Increased consumption in warmer waters may occur due to increased 338 

enzymatic activities and hence digestive capacity, or enhanced activity levels (higher velocity 339 

(Dell et al. 2014), lower water viscosity) and hence higher clearance rates. Higher activity and 340 

metabolic levels will decrease trophic efficiency (Barneche and Allen 2018). Therefore, despite 341 

limited change in average growth and asymptotic length for some fish guilds, their ecological 342 

performance changes towards faster but less efficient transfer of energy in warmer systems. 343 

Data uncertainty 344 

Different processes may have caused uncertainty in our data analyses and in the estimated 345 

temperature effects on growth and asymptotic size. This may be related to 1) the aggregation of 346 

fish into different fish guilds, 2) the use of sampling locality to define average ambient 347 

temperatures (ignoring seasonal variation in temperature within a region and movement of fish 348 

species across regions) and 3) the estimation of von Bertalanffy parameters from length-at-age 349 
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observations (Spence and Turtle 2017), using collated data from different sources (Thorson et al. 350 

2014). One way to overcome most of the above uncertainty is to compile more detailed age and 351 

body size data, available for many commercially important fish, yet with the cost of a lower 352 

number of observations. Finally, our outcome also ignores that some species in a guild are more 353 

abundant than others. The growth and body size characteristics of the dominant species may 354 

scale differently with temperature than the average across species response.  355 

Conclusion 356 

Our results suggest that the physiological response to temperature in marine fish cannot be used 357 

to infer the temperature response at the level of guilds. This is because increased growth rates 358 

and reductions in adult body size with temperature are not (consistently) observed across species 359 

at the guild level. Our results highlight that a proper understanding of how fish communities 360 

change globally in response to climate change not only require a correct description of the 361 

physiological response to temperature (Lefevre et al. 2017), but also of the ecological dynamics. 362 

Crucial is to understand the processes of environmental and ecological filtering that select the set 363 

of viable combinations of life-history characters in a given environment and temperature. 364 
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Tables 463 

Table 1. Overview of the different models used to examine growth coefficient A and asymptotic 464 

length L∞. Obs. shows the number of unique species. The variables in brackets were tested for 465 

interactive effects. T is temperature in °C, growth coefficient A and asymptotic length are log10 466 

transformed. 467 

Model  Obs. Aim Name 

A ~ T 774 Effect of temperature on growth across marine fish M1 

L∞ ~ T 774 Effect of temperature on asymptotic length across marine fish M2 

A ~ [T, L∞, Guild] + t0 774 
Effect of temperature on growth across marine fish, while incorporating the 

effect of fish guild, L∞ and t0  
M3 

L∞ ~ [T, Guild] 774 
Effect of temperature on asymptotic length across marine fish, while 

incorporating the effect of fish guild 
M4 

Aspel ~ [T, L∞, Bzoop]  + t0 75 
Effect of zooplankton biomass (Bzoop) on growth of small pelagics (L∞ < 50 

cm), while incorporating the effect of temperature, L∞ and t0 
M5 

Asdem ~ [T, L∞, Bbenth]  + t0 378 
Effect of benthic biomass (Bbenth) on growth for small demersals (L∞ < 50 

cm), while incorporating the effect of temperature, L∞ and t0 
M6 

  468 
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Table 2. Overview of the models that fitted the data best. Model selection is based on the number 469 

of times a model had the lowest AIC in the 5000 simulations. R-square shows the amount of 470 

variance explained by the selected model and is based on the average adjusted R-square in the 471 

5000 simulations. T is temperature in °C, growth coefficient A and asymptotic length are log10 472 

transformed. Appendix S1: Table S5 presents all estimated parameters of the best models.  473 

Model   % lowest AIC R-square 

M1: A ~ T 100 0.12 

 A ~ 1 0  

M2:  L∞ ~ 1 99 - 

 L∞ ~ T 1  

M3: A ~ T · L∞ + T · Guild + t0 63 0.46 

 A ~ T · L∞ · Guild + t0 37  

M4: L∞ ~ T · Guild 70 0.13 

 L∞ ~ Guild 30  

M5:  Aspel ~ T · L∞ + t0 50 0.42 

 Aspel ~ T + L∞ + t0 24  

M6:  Asdem ~ T · L∞ · Bbenth + t0 72 0.36 

 Asdem ~ T + L∞ + t0 17  

  474 
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Figure legends 475 

Figure 1. Number of von Bertalanffy parameter observations specified per marine ecoregion 476 

(total observations is 2502 within t0 ± 2 for 774 species). The observations were linked to a 477 

particular marine ecoregion, or to two neighboring ecoregions based on sampling locality (if two 478 

ecoregions, we only coupled the observation to one of these regions to produce the figure). 479 

Figure 2. Relationships between fish growth coefficient A and temperature for all fish species 480 

(774 species, 2502 observations) and for different fish guilds and asymptotic lengths. There is a 481 

positive relationship between temperature and growth coefficient A when fish data is pooled. 482 

Temperature effects on average growth become variable when a guild effect is included (Table 483 

2-M3). The lines in each panel show the temperature effect on growth coefficient A given an 484 

average L∞ and t0 = 0 (since L∞ and t0 also affect A). The red dashed lines show the maximum 485 

variability around these predictions as determined from the 5000 simulations. The breakpoint 486 

between small and large species is at L∞ = 80 cm. 487 

Figure 3. Relationships between fish growth coefficient A and temperature across guilds for fish 488 

with L∞ = 100 cm (solid lines) or 30 cm (dashed lines) (based on Table 2-M3). The temperature 489 

effect is only shown in the temperature range where data is available. t0 = 0. The thin dashed line 490 

illustrates a temperature scaling as predicted from metabolic theory with A is 3 at 0 °C. 491 

Figure 4. Relationships between fish asymptotic length and temperature for all fish species (774 492 

species, 2502 observations) and for different fish guilds. There is no relationship between 493 

temperature and asymptotic length for all fish. There is a negative relationship between average 494 

asymptotic length and temperature for deep-living fish, whereas the other guilds are weakly 495 

affected (Table 2-M4). The lines in each panel show the temperature effect on asymptotic length. 496 
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The red dashed lines show the maximum variability around these predictions as determined from 497 

the 5000 simulations.  498 

Figure 5. Relationships between growth coefficient A and benthic biomass for all small demersal 499 

fish (L∞ < 50 cm) (Table 2-M6). To illustrate the interaction between L∞, temperature and 500 

benthic biomass, the data is plotted in four sub-panels. Species with L∞ less (a, c) or more (b, d) 501 

than 30 cm and with ambient temperatures less (a, b) or more (c, d) than 15°C. The lines in each 502 

panel show the effect of benthic biomass on growth coefficient A given an average L∞ and 503 

temperature and t0 = 0 (since L∞, temperature and t0 also affect A). The red dashed lines show the 504 

maximum variability around these predictions as determined from the 5000 simulations.  505 
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Appendix 1 – supplementary figures and tables 524 

 525 

 526 

Figure A1-1. Von Bertalanffy length-at-age curves for two species with an equal growth 527 

coefficient A (constant 0.65·L∞·K) with K = 0.5 (red line) or 1.67 yr-1 (blue line) and L∞ = 30 or 528 

100 cm. The horizontal dashed lines are at L∞, the slanted dashed lines are age multiplied by L∞·K. 529 

von Bertalanffy length-at-age curves are based on length(t) = L∞·(1-e-Kt). 530 

  531 
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 532 
 533 

Fig. A1-2. Relationships between growth coefficient A and zooplankton biomass for all small 534 

pelagic fish (L∞ < 50 cm) (Table 2-M5). There is no relation between growth coefficient A and 535 

food availability. The blue line is plotted given an average L∞ and temperature and t0 = 0 (since 536 

L∞, temperature and t0 affect A). The red dashed lines show the maximum variability as 537 

determined from the 5000 simulations.   538 
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Table A1-1. Fish classification into different guilds following the seaaroundus.org project.  539 

Guilds Classification 

Pelagics Pelagics 

  

Demersals Demersals, 

benthopelagics, 

flatfishes, reef-

associated 

  

Elasmobranchs Sharks, rays 

  

Deep-living Bathydemersals, 

bathypelagics 

  

  540 
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Table A1-2. Relationships between temperature and growth coefficient A presented as Q10 541 

following different methods of data selection. First column: similar to main manuscript; second 542 
column: all data with t0 ± 1; third column: all unique species (based on the maximum observed 543 

growth coefficient A for each species across all regions); fourth column: re-sampling of 544 
observations when randomly picking 80% of the species in each sample. When selecting all data 545 
with t0 ± 1, a three-way interaction between temperature, fish guild and asymptotic length is the 546 
most supported model. For the other two analyses, we find support for a model that is similar to 547 
the main analysis. In all analyses, the effect of temperature on the different fish guilds is 548 

comparable with our main findings as shown by limited variation in Q10.  549 

 Main document 

(n=2502) 

t0 ± 1 

(n=1737) 

Highest growth 

rate per species  

(n=774) 

Resampling of 

species and obs.  

(n = 2502) 

Pelagics L∞ = 30 cm 1.70 1.68 1.82 1.70 

Pelagics L∞ = 100 cm 1.48 1.28 1.62 1.48 

Demersals L∞ = 30 cm 1.40 1.44 1.39 1.40 

Demersals L∞ = 100 cm 1.21 1.15 1.23 1.21 

Elasmobranchs L∞ = 30 cm - - - - 

Elasmobranchs L∞ = 100 cm 1.90 2.11 1.91 1.90 

Deep-living fish L∞ = 30 cm 1.26 1.24 1.40 1.26 

Deep-living fish L∞ = 100 cm 1.09 1.53 1.25 1.09 

 550 

  551 
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Table A1-3. Relationships between temperature and asymptotic length presented as Q10 following 552 

different methods of data selection. First column: similar to main manuscript; second column: all 553 
data with t0 ± 1; third column: all unique species (based on the maximum observed growth 554 

coefficient A for each species across all regions); fourth column: re-sampling of observations when 555 
randomly picking 80% of the species in each sample. When selecting the highest growth per 556 
species, we find support for a model that is similar to the main analysis. For the other two analyses, 557 
no effect of temperature is found.   558 

 Main document 

(n=2502) 

t0 ± 1 

(n=1737) 

Highest growth 

rate per species  

(n=774) 

Resampling of 

species and obs.  

(n = 2502) 

Pelagics  1.06 1 1.11 1 

Demersals 0.99 1 1.01 1 

Elasmobranchs 0.88 1 0.94 1 

Deep-living fish 0.56 1 0.55 1 

  559 
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Table A1-4. Relationship between growth, temperature and prey production (P) instead of prey 560 

biomass for small pelagics and demersals (L∞ < 50 cm). Prey production is estimated from the 561 

ecosystem model COBALT (see method). In the model, medium and large-sized zooplankton 562 

biomass have a density dependent closure term that represents mortality from fish predation. We 563 

use this mortality term (gr C m-2 day-1) as an estimate of zooplankton prey production. As a proxy 564 

for benthic production, we use COBALT output on the detrital flux reaching the seabed in shallow 565 

waters (< 500 meter) (gr C m-2 day-1). In regions without information on the detrital flux reaching 566 

the seabed < 500 (because of a small shelf in combination with a 1 degrees grid), we use the 567 

relationship between detrital flux reaching the seabed < 500 meter and >= 500 meter found in the 568 

other ecoregions to predict the value (regression analysis shows log10(𝑦)  =  0.13 +569 

0.65 log10(𝑥); 𝑟2 = 0.58). Model selection is based on the number of times a model had the 570 

lowest AIC in the 5000 simulations. R-square shows the amount of variance explained by the 571 

selected model and is based on the average adjusted R-square in the 5000 simulations. T is 572 

temperature in °C and growth coefficient A and asymptotic length are log10 transformed. 573 

Model   % lowest AIC R-square 

M5_prod:  Aspel ~ T · L∞ + t0 42 0.42 

 Aspel ~ T · L∞ + T · Pzoop + t0 25  

M6_prod:  Asdem ~ T + L∞ + Pbenth + t0 42 0.35 

 Asdem ~ T + L∞ + t0 18  

 574 

  575 
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Table A1-5. Model parameter estimates of Table 2 calculated as the average in the 5000 576 

simulations. Model name corresponds to the name used in Table 1-2. T is temperature in °C and 577 

growth coefficient A and asymptotic length are log10 transformed. Gpel is pelagics guild, Gdem is 578 

demersals guild and Gelas is elasmobranchs guild (the deep-living guild is the reference level to 579 

which the other guilds are contrasted).  580 

Model name      

M1 intercept T    

 0.6407 0.0146    

M2 intercept     

 1.6172     

M3 intercept T L∞ Gdem Gpel 

 -0.2246 0.0276 0.5671 0.0034 0.0568 

 Gelas t0 T:L∞ T:Gdem T:Gpel 

 -0.0630 0.1356 -0.0119 0.0045 0.0132 

 T:Gelas     

 0.0241     

M4 intercept T Gdem Gpel Gelas 

 1.7176 -0.0252 -0.1194 -0.1915 0.4016 

 T:Gdem T:Gpel T:Gelas   

 0.0244 0.0284 0.0212   

M5 intercept T L∞ t0 T: L∞ 

 -0.6372 0.0689 0.9039 0.1680 -0.0333 

M6 intercept T L∞ Bbenth t0 

 -0.9591 0.0648 1.1299 0.7797 0.1803 

 T:Bbenth T:L∞ L∞:Bbenth T:L∞:Bbenth  

 -0.0102 -0.0366 -0.6052 0.0136  

 581 

  582 
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Appendix 2. Species-specific length-weight relationships 583 

We derived species-specific length-weight relationships from rFishbase (Boettiger et al. 2012) for 584 

640 fish species where data was available and we estimated growth coefficient A as: 585 

The relationship between length and weight can be described as: 586 

𝑙 = (𝑤/𝑐)𝑏. 587 

Length-based growth can be transformed to weight-based growth with the chain-rule: 588 

d𝑙

d𝑡
=

d(𝑤/𝑐)𝑏

d𝑡
= 𝑐−𝑏

d𝑤𝑏

d𝑤

d𝑤

d𝑡
= 𝑐−𝑏𝑏𝑤𝑏−1

d𝑤

d𝑡
. 589 

Inserting the length-based juvenile growth from the von Bertalanffy equation d𝑙/d𝑡 = 𝐾𝐿∞ (slope 590 

of the growth equation for l << L∞) and d𝑤/d𝑡 = 𝐴𝑤2/3 gives:  591 

𝐾𝐿∞ = 𝑐−𝑏𝑏𝑤𝑏−1+2/3𝐴, 592 

and rearranging gives: 593 

𝐴 = 𝑐𝑏𝑏−1𝑤−𝑏+1−2/3𝐾𝐿∞. 594 

The rearrangement shows that the use of a species-specific length-weight relationship complicates 595 

the estimate of growth coefficient A as A becomes weight-dependent. However, if 𝑏 = 1/3 then 596 

the weight dependency disappears and 𝐴 = 𝑐1/33𝐾𝐿∞ = 0.65𝐾𝐿∞ (as in the main document). 597 

The value of 𝑏 is close to 1/3 (Froese 2006), so the weight dependency of 𝐴 is weak. To test this, 598 

we calculated A for all fish species where species-specific length-weight relationships where 599 

available at 5 and 25 cm. We afterwards examined the effect of temperature on A and compared it 600 

with our main analysis. This shows that with the statistical model from the main analysis, the 601 

predicted temperature effects are largely similar (Table A2-1).  602 
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Table A2-1. Relationships between temperature and growth coefficient A presented as Q10 603 

following a species-specific length-weight relationship and the calculation of A at 5 cm (middle 604 

column) and 25 cm (right column) with the statistical model from the main analysis (Table 2-605 

M3).  606 

 Main document 

(n=2502) 

Species specific 

length/weight at 5 

cm (n=2266) 

Species specific 

length/weight at 25 

cm (n=2266) 

Pelagics L∞ = 30 cm 1.70 1.70 1.72 

Pelagics L∞ = 100 cm 1.48 1.42 1.42 

Demersals L∞ = 30 cm 1.40 1.52 1.51 

Demersals L∞ = 100 cm 1.21 1.27 1.25 

Elasmobranchs L∞ = 30 cm - - - 

Elasmobranchs L∞ = 100 cm 1.90 2.18 2.20 

Deep-living fish L∞ = 30 cm 1.26 1.38 1.37 

Deep-living fish L∞ = 100 cm 1.09 1.15 1.14 

 607 

Reference  608 

Froese 2006 Cube law, condition factor and weight–length relationships: history, meta-analysis 609 

and recommendations Journal of Applied Ichthyology 22:241-253. 610 


