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30 Abstract 

31 1. Fishing and climate change are profoundly impacting marine biota through unnatural 

32 selection and exposure to potentially stressful environmental conditions. Their effects, 

33 however, are often considered in isolation, and then only at the population level, 

34 despite there being great potential for synergistic selection on the individual. 

35 2. We explored how fishing and climate variability interact to affect an important driver 

36 of fishery productivity and population dynamics: individual growth rate. We projected 

37 that average growth rate would increase as waters warm, a harvest-induced release 

38 from density dependence would promote adult growth, and that fishing would 

39 increase the sensitivity of somatic growth to temperature.

40 3. We measured growth increments from the otoliths of 400 purple wrasse (Notolabrius 

41 funicola), a site-attached temperate marine reef fish inhabiting an ocean warming 

42 hotspot, to generate nearly two decades of annually resolved growth estimates from 

43 three populations spanning a period before and after the onset of commercial fishing. 

44 We used hierarchical models to partition variation in growth within and between 

45 individuals and populations, and attribute it to intrinsic (age, individual-specific) and 

46 extrinsic (local and regional climate, fishing) drivers.

47 4. At the population scale, we detected predictable additive increases in average growth 

48 rate associated with warming and a release from density dependence. A fishing-

49 warming synergy only became apparent at the individual scale where harvest resulted 

50 in the 50% reduction of thermal-growth reaction norm diversity. This phenotypic 

51 change was primarily caused by the loss of larger individuals showing a strong 

52 positive response to temperature change after the onset of size-selective harvesting. 

53 5. We speculate that the dramatic loss of individual-level biocomplexity is caused by 

54 either inadvertent fisheries selectivity based on behaviour, or the disruption of social 
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55 hierarchies resulting from the selective harvesting of large, dominant and resource-

56 rich individuals. Whatever the cause, the removal of individuals that display a positive 

57 growth response to temperature could substantially reduce species’ capacity to adapt 

58 to climate change at temperatures well below those previously thought stressful.

59

60 Keywords: Climate change, fish growth, fisheries selectivity, multiple stressors, otolith 

61 biochronology, reaction norm, time series; fisheries induced evolution
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74

75 Introduction

76 A growing body of work has documented how fishing-induced loss of ‘biocomplexity’, such 

77 as life history variation, demographic and stock structure, can increase the sensitivity of 

78 populations to environmental variability (Hilborn et al. 2003). Termed the ‘portfolio effect’, 

79 the dynamics of aggregated stocks rich in biocomplexity are less variable than those of their 
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80 individual constituents (Schindler et al. 2010). Current work in this space adopts a 

81 population-level focus reflecting the argument that fishing is unlikely to alter the sensitivities 

82 of individual fish to the environment because harvested individuals are no longer alive to 

83 respond (Perry et al. 2010). Instead, the selective harvesting of certain phenotypes results in 

84 populations dominated by fewer and younger age classes (Ottersen, Hjermann & Stenseth 

85 2006) and depauperate of life history diversity (Law 2000), that in turn display an amplified 

86 environmental response (Hsieh et al. 2006; Hidalgo et al. 2011; Rouyer et al. 2011).

87 Fishing increases overall mortality rates and can select against certain sized fish, and life-

88 history theory predicts that this elevated mortality should select for ‘faster’ life histories 

89 characterised by rapid juvenile growth, early maturation, smaller body size and reduced life 

90 span (Roff 1992; Law 2000). Fishing can also affect individuals across their lifetime through 

91 environmentally sensitive labile traits such as somatic growth (Morrongiello & Thresher 

92 2015; Audzijonyte et al. 2016). Indeed, growth is an ideal candidate with which to explore 

93 additive and synergistic impacts of fishing and environmental variability on individuals as it 

94 is the phenotypic manifestation of interacting intrinsic (within individual) and extrinsic 

95 (environmental or ecological) components that affect the acquisition and allocation of 

96 resources (Enberg et al. 2012). Growth not only influences individual fitness insofar as it is 

97 related to body size, behaviour, reproductive output and mortality rates, but also contributes, 

98 along with other factors like reproduction and survival, to a range of population-level metrics 

99 such as recruitment success, generation time, and stock biomass. Whilst fishing can 

100 selectively remove fast (or slow) growers from a population (Sinclair, Swain & Hanson 2002; 

101 Enberg et al. 2012), it can also affect the growth of remaining fish through alterations to 

102 density dependent processes (Lorenzen & Enberg 2002), social context (Buston 2003), 

103 habitat (Rooper et al. 2011) or food webs (Audzijonyte et al. 2013). Importantly, the impact 

104 of these fishing-related changes on the individual is dependent on the environmental context 

105 (Crozier et al. 2010; Waples & Audzijonyte 2016). 

106 Here, we developed 19-year growth biochronologies (1980-1999) for three south-east 

107 Australian populations of a site-attached temperate reef fish, Notolabrus fucicola (Richardson 

108 1840; purple wrasse) (Fig. 1a-b), using the individual-based and annually-resolved growth 

109 information naturally archived in otoliths. Otolith growth increments are analogous to tree 

110 rings in that they are periodically deposited, and their width reflects somatic growth 

111 (Campana 2001; Morrongiello, Thresher & Smith 2012). The south-east Australian purple 

112 wrasse commercial fishery is nascent, beginning in the early 1990s (Fig. 1d) and targeting 
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113 adults (8+ years of age, >280 mm) using baited fish traps for the live fish trade (Lyle & 

114 Hodgson 2001). We used annually resolved estimates of population-level and individual 

115 growth 10 years prior to, and nine years after, the onset of harvesting to assess the potentially 

116 interacting effects of harvest and environmental variation on growth rates. The marine 

117 environment of south-east Australia has undergone significant change over the last decade to 

118 millennia attributable to increased fishing activity (Tilzey & Rowling 2001), natural climatic 

119 variability (Thresher 2002), and a warming trend 3-4 times the global average (Hobday & 

120 Pecl 2014), the last associated with a strengthening of the East Australian Current (Ridgway 

121 2007).

122 We used mixed effects models to partition individual growth variation amongst its intrinsic 

123 and extrinsic components. These statistical models can be readily extended from their 

124 common population-level focus to estimate individual-based reaction norms and persistent 

125 between-individual effects due to environmental variability (Fig. 2) (van de Pol & Wright 

126 2009; Morrongiello & Thresher 2015). Such model innovations allowed for the concurrent 

127 assessment of fishing and climatic effects at the population, between-individual, and within-

128 individual levels. Adopting a hierarchical approach, we hypothesised that: 1) average 

129 individual growth rates will be positively related to warming conditions, in accordance with 

130 other shallow water fishes in the region (e.g. Thresher et al. 2007; Neuheimer et al. 2011) and 

131 because sampled reefs in this study are at the poleward range limit and therefore unlikely to 

132 be close to critical upper thermal limits; 2) the advent of commercial fishing halfway through 

133 our study period will result in an increase in average adult growth due to release from density 

134 dependence (Lorenzen & Enberg 2002); 3) the sensitivity of somatic growth to temperature 

135 will change after fishing at a population level due to the selective removal of larger 

136 individuals (Perry et al. 2010); and 4)  the sensitivity of individual-level growth to 

137 temperature will change after fishing as an indirect outcome of a shift in the balance between 

138 biotic (e.g. competition) and abiotic (e.g. temperature) controlling factors of growth across a 

139 fish’s lifetime. We demonstrate that harvesting can affect the sensitivity of individual fish to 

140 climate variability via their thermal reaction norms. Whilst fishing relaxed density dependent 

141 constraints on growth, it halved the expression of phenotypic diversity within populations 

142 through either inadvertent selection or the disruption of social hierarchies. 

143

144 Materials and methods
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145 Study species

146 Purple wrasse are a secondarily gonochoristic species, with all fish starting as females and 

147 some changing sex to males before maturity at 2-3 years of age and ~120 mm in length 

148 (Barrett 1995a; Denny & Schiel 2002). They inhabit the shallow (<25m) coastal waters of 

149 south-east Australia and New Zealand (Russell & Gomon 1994), displaying fidelity to the 

150 reef on which they settle (Barrett 1995b). Individuals can reach 600 mm in length and live ≥ 

151 25 years (Denny & Schiel 2002), with a maximum age of 20 observed in the study region 

152 (Ewing et al. 2003). Peak growth occurs during the austral spring and summer (Welsford & 

153 Lyle 2005). 

154 Fish collection and annual growth estimation

155 Otolith samples were collected as part of fishery independent surveys in 1999-2002 from 

156 three near shore reefs on the east coast of Tasmania, Australia: Point Bailey (PB, n=134), 

157 Eaglehawk Neck (EHN, n=132) and Hen and Chicken Rocks (HCR, n=134 fish (Fig 1a&b). 

158 All reefs have been subjected to commercial fishing since 1990 (Fig. 1c). Fish were caught 

159 using baited fish traps and sampled when total length was >130 mm (see Ewing et al. 2003 

160 for additional sampling details). The formation of annual growth increments in purple wrasse 

161 otoliths has been validated (Ewing et al. 2003) and ageing precision (calculated using average 

162 percent error (APE), Beamish & Fournier 1981) is high (0.8% within readers, 2.6% among 

163 readers; Ewing et al. 2003).

164 Sagittal otolith sections were viewed under 100x magnification, images taken using a Leica 

165 camera (MZ16FA) and increment measurements made using Leica Application Suite 

166 (Version 4, Leica Microsystems Ltd) along an axis from the primordium to the other edge of 

167 the ventral lobe. Otolith growth was a strong indicator for somatic growth: larger purple 

168 wrasse (in length and weight) had wider otolith radii (OLS regression: n=216 fish with length 

169 data, R2= 0.759, P<0.001; n=376 fish with weight data [log transformed to account for 

170 allometric relationship], R2= 0.725, P<0.001; see Fig. S1 in supporting information). We 

171 therefore used otolith increment widths as a proxy for annual somatic growth. We did not 

172 perform back calculation as our response variable of interest was growth rate, not size at age 

173 (see Enberg et al. 2012 for discussion of difference).

174 Fish used in this study were between 2 and 19 years of age at the time of capture (see Fig. S2 

175 for age distribution and size at age plots) with an obvious skew towards older fish 
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176 contributing growth information in earlier years (Fig. 1b). Such non-random samples are a 

177 common issue when using historical collections, including otoliths, to recreate past biological 

178 patterns (Pyke & Ehrlich 2010; Morrongiello, Thresher & Smith 2012). We countered the 

179 possibility of non-random samples introducing spurious growth patterns in three ways. First, 

180 we adopted a stratified sampling regime whereby we maximised the age spread of fish 

181 representing each cohort to ensure where possible we had data from young and old fish for 

182 each year (Morrongiello, Thresher & Smith 2012). Second, we included a bias-correction 

183 term in our models that identified the presence of any directional trend in growth associated 

184 with skewed age distributions, and corrected annual growth estimates accordingly (age-at-

185 capture, see below; Morrongiello & Thresher 2015). Third, to ensure the age-related growth 

186 measured in pre- and post-fishery periods were comparable and to facilitate the meaningful 

187 estimation of any interactions among age-dependent growth and the environment, we 

188 truncated increment data to that associated with ages 2-11 within fish (i.e. increments 

189 associated with the 2nd to 11th year of an individual’s life) which is the extent available data in 

190 the pre-fishery period. 

191 Growth predictors

192 Purple wrasse growth variation was related to a series of intrinsic and extrinsic covariates. 

193 Intrinsic variables included fish age in years corresponding to a particular increment (age) 

194 and age-at-capture which controlled for age-dependent biases or differential selectivity in the 

195 data (Morrongiello & Thresher 2015) and is similar in purpose to the length term in Hagen 

196 and Quinn’s otolith-based growth model (1991). Extrinsic variables included site (PB, EHN, 

197 HCR), average annual southern oscillation index (SOI), average annual sea surface 

198 temperature (SST) over the fish growth year (annualSST, 1 October to 30 September), 

199 average warm period SST (warmSST, 1 October to 31 March), and the presence or absence of 

200 commercial fishing operations (fishery). Sex was not considered due to uncertainty around 

201 when fish sex-changed to males and evidence from von Bertalanffy growth models indicating 

202 minimal sex-specific differences in growth (Ewing et al. 2003).

203 We used SynTS (Ridgway et al. 2006) to provide localised estimates of SST for each site 

204 (Fig. 1c). SynTS is a spatially (0.2o to 0.25o resolution) and temporally resolved product that 

205 models temperature-at-depth and is available semi-daily for the period 1993-2011 for 

206 Australian waters. We extended SST estimates for each site back to 1980 (Figure 1d) by 
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207 regressing available SynTS data (19 years) with the coarser modelled estimates of annual 

208 SST from the HadISST1 1o latitude-longitude grid product (Rayner et al. 2003).

209 A commercial fishery for purple wrasse (and the related blue throat wrasse Notolabrus 

210 tetricus) commenced in the early 1990s (Lyle & Hodgson 2001) but the quality of 

211 commercial catch data was poor prior to 1998 due to fisher over-reporting and a lack of 

212 consistency in distinguishing catch by species (Ziegler, Haddon & Lyle 2006). We therefore 

213 considered commercial fishery impacts (fishery) as a categorical variable with two levels: no 

214 fishing (1980-1989) and fishing (1990-2001).

215 Statistical analyses

216 Average individual growth

217 A series of mixed effects models were developed through a two-stage process (Morrongiello 

218 & Thresher 2015) to investigate intrinsic and extrinsic drivers of purple wrasse annual 

219 growth (otolith annuli width in mm) within and across the three sites. Analyses were 

220 performed using the lme4 package in R 3.0.2. These models assume a compound symmetric 

221 correlation structure among increments within an individual, which has previously been 

222 shown to be appropriate for otolith growth analyses where within-group time series are short 

223 and autocorrelation minimal (Weisberg, Spangler & Richmond 2010; Morrongiello et al. 

224 2011). We assumed an exponential decay function to model growth-increments as a function 

225 of age (e.g. Helser & Lai 2004). Otolith increment and age data where log-log transformed to 

226 linearize this relationship and ensure homogeneity of variance, and all covariates mean-

227 centred to facilitate model convergence and interpretation of interaction terms.

228 Stage one involved partitioning growth variation into its specific intrinsic, and pooled 

229 extrinsic, components. Initially we compared four models with varying random effect 

230 structures and the interactive intrinsic fixed effects site*age and site*age-at-capture. This 

231 maximal fixed effect structure allowed for age-specific effects on growth that could vary 

232 among sites and site-specific differences in potential sampling bias (Biro 2013) or differential 

233 growth selectivity e.g. faster growers have lower survival (Ricker 1969; Morrongiello, 

234 Thresher & Smith 2012). The most complex model can be represented by:

235 (Eq. 1)

���� = �� + ��� + ���,� + ����(�) + ������� + ����,���(�),� +  �( ∙ ) + ����
[�����1�]~�(0,Ʃ�),  [���,���1�,�]~�(0,Ʃ�,�),  ����~�(0,�2)
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236 where yijk is the annual growth for the ith fish at age j from site k,  is the fixed (population ��
237 average) annual growth intercept,  is the random extrinsic effect for site k at year l ���,�
238 (l=1980,…,1999),  describes the age-dependent (j= 2,…,11) decline in growth specific to ��(�)
239 each site k (k= 1,2,3),  is the random intrinsic fish effect (i=1,…,400), bij is the random ���
240 slope of age for fish i, bjk,l is the random slope of age for site k at year l and  denotes �( ∙ )

241 additional fixed effects (e.g. age-at-capture, annualSST, fishery and their interactions). This 

242 model allows each individual fish to have a unique random intercept (higher or lower growth 

243 than average) and random growth by age slope (individual specific differences in age-

244 dependent growth). It also allows a random intercept for each year within each site to reflect 

245 pooled extrinsic sources of variation (good or poor growth years, independent within and 

246 between sites) and for these random intercepts to have their own unique age slope (time and 

247 space varying interactions between age-dependent growth and extrinsic effects). The three 

248 simpler models sequentially dropped the random age slopes for individual fish, site-year 

249 combinations, or both (Table S1). 

250 The four random effect structures were fit with restricted maximum likelihood (REML) and 

251 compared using Akaike’s Information Criterion corrected for small sample sizes (AICc; 

252 Burnham & Anderson 2002). These values were rescaled as the difference between each 

253 model and the model with the lowest AICc (∆AICc). We then applied the best random effect 

254 structure to models of increasing intrinsic fixed effect complexity using maximum likelihood 

255 (ML) and compared their performance using AICc. The optimal annual growth model was re-

256 analysed using REML to produce unbiased parameter estimates. 

257 Stage two involved extending the optimal annual growth model determined above to relate 

258 patterns in inter-annual growth variation to extrinsic variables. We developed and compared 

259 models that included combinations of fishery and one of SOI, annualSST or warmSST due to 

260 collinearity among environmental variables. The maximal models included four way 

261 interactions among age, site, fishery and SOI, annualSST, or warmSST; these complex terms 

262 allowed for the additive or synergistic effects of fishery and environmental variation to be age 

263 and/or site dependent. Simpler models included different combinations of these terms. 

264 Models were fit with ML, compared using AICc as above, and the optimal model refit with 

265 REML.

266 Average thermal reaction norms 
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267 Equation 1 and its extrinsic effect derivations assess how the average individual’s growth 

268 responds to environmental change and fishing activity. This average growth response (Fig. 

269 2a) could be derived from within-individual phenotypic plasticity whereby an individual’s 

270 growth varies depending on the experienced conditions (reaction norm; Fig. 2b-c), between-

271 individual effects that reflect persistent environmental or genetic differences (Fig. 2d) or a 

272 combination of both (Fig. 2e-f). We partitioned the average temperature growth response into 

273 its within- and between-individual components using the method outlined by Morrongiello 

274 and Thresher (2015) that employs within subject centring (van de Pol & Wright 2009). We 

275 calculated the average annual temperature experienced by individuals across their lifetime 

276 , then the deviation of each annual temperature experienced by a fish from this mean ( ����,
277 ). The linear mixed effect model (based on the ‘best’ average individual �����(�)―  �����
278 growth model from above) that accounts for within- and between-individual temperature 

279 effects is then specified as:

280 (Eq. 2)

���� = �� + ��� + ���,� + ����(�) + ������� + ����,���(�),� + ��(�����(�)―  �����) + ����(�����(�)―  �����)
+ ������� + ����(�) + ����                                                                              

[
�����������]~�(0,Ʃ�),  [���,�����,�]~�(0,Ʃ�,�),  ����~�(0,�2)

281 where  is the average within-individual temperature slope (average thermal reaction ��
282 norm),  is the random within-individual temperature slope for fish i (individual-specific ����
283 thermal reaction norm),  is the between-individual temperature slope and  is a �� ��(�)
284 fishery*age interaction to account for age-dependent fishery effects on growth (see results). 

285 Equation 2 can be extended to include , an interaction of within- and between-��(�)
286 individual slopes that tests whether individual growth responses are dependent on average 

287 thermal conditions experienced (e.g. Fig. 2d), and the terms  and  that are average ��(�) ��(�)
288 thermal reaction norms for each site (k) and fishery period (m) respectively and capture 

289 potential spatial and temporal differences in average phenotypic plasticity. Models of 

290 increasing fixed effect complexity were fit with ML and compared using AICc. 

291 Thermal reaction norm variation 

292 We compared phenotypic variation in predicted thermal reaction norms ( , derived from ����
293 the best equation 2 formulation) before and after the onset of fishing for all fish combined 

294 and separately for each site. Fish were assigned to either the pre-fishery or post-fishery period 
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295 based on which period they spent most of their life in. Predicted estimates of individual-

296 specific thermal reaction norms are sensitive to the number of underlying data points: values 

297 for fish with little growth data are ‘shrunk’ closer to the average reaction norm ( ) than ��
298 those from fish with lots of growth observations. We therefore only compared reaction norms 

299 from fish with at least six growth measurements (range 6-10), resulting in 45 pre-fishery and 

300 224 post-fishery individuals in total. We then estimated the ratio of variance using 10,000 

301 bootstrapped samples for all the pre-fishery reaction norms and a random selection of the 

302 same number post-fishery reaction norms. Finally, we compared patterns of size-dependent 

303 reaction norm expression across both periods to test for social hierarchy-dependent fishing 

304 effects on thermal sensitivity.

305

306 Results

307 We detected a hierarchy of attributable biological response, with considerable within- and 

308 between-individual growth variation becoming manifest as population-level differences in 

309 average growth rate through time. The data support three of our four hypotheses: average 

310 growth rate increased as water warmed (1); adults grew faster after the onset of fishing (2); 

311 and the sensitivity of growth to temperature increased with harvesting, but, critically, only at 

312 the individual level (4).

313 Intrinsic and extrinsic sources of growth variation

314 The best supported random effect structure for average individual growth was the most 

315 complex (Table S1) and included random age slopes and intercepts for individual fish and 

316 each site by year combination. Using this random effect structure, the best supported intrinsic 

317 fixed covariate model included additive terms for age and site (Table S2a). This model did 

318 not include the age-at-capture term, meaning we did not detect any evidence for biases in 

319 growth rates through time or across sites associated with our sampling regime. Growth 

320 declined with age (Fig. 3a) and on average Eaglehawk Neck (EHN) fish grew 7% and 12% 

321 faster than those from Point Bailey (PB) and Hen and Chicken Rocks (HCR), respectively 

322 (Table 1; Fig. 3b). Extrinsic patterns in annual growth rates across sites (Fig. 3c) were all 

323 significant (p<0.016) and strongly correlated (EHN vs. PB [n=18]: r=0.74, EHN vs. HCR 

324 [n=17]: r=0.57; PB vs. HCR [n=17]: r=0.77). Annual growth was lowest in the mid-1980s 

325 and rapidly increased post ≈1995, just after the period of maximum fishery catch (Fig. 1d). 
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326 Older fish had relatively higher growth compared to younger fish in ‘good’ growth years 

327 (0.73 correlation between year random intercept and random age slope; Table 2, Fig. S3a). 

328 This result indicates that whilst all fish grow faster in good years, older fish have relatively 

329 higher growth compared to younger fish (Fig. S3b).

330 All models including additional extrinsic parameters performed better than the intrinsic 

331 covariate model (Table S2b). The best overall model included average annual sea surface 

332 temperature (annualSST) and different growth~age relationships before and after the onset of 

333 commercial fishing (age * fishery) (Table 1). The growth of older fish was proportionally 

334 higher after the onset of commercial fishing (Fig. 4a); 2-year olds grew 7.4% slower 

335 (overlapping 95% CIs), but 5-year-olds grew 10.3% and 10-year-olds 26% faster in the latter 

336 period. Average growth rates across all ages increased by 6.6% per oC (Fig. 4b). The 

337 magnitude of spatial growth variation among sites remained relatively constant despite the 

338 addition of environmental data (Table 1). There were, however, declines in the variance 

339 associated with both the site-specific year random intercept (-18.2%) and age slope (-23.8%) 

340 in the extrinsic effect model (Table 2) indicating that the addition of annualSST and fishery 

341 explained some, but not all, of the inter-annual age-dependent growth variability. We found 

342 no evidence for a temperature by fishing interaction affecting average individual growth, as 

343 measured at the population scale.

344 Within- versus between-individual growth variation

345 There was little support for spatial or temporal variation in average thermal reaction norms 

346 (Table S2c). Further, we found negligible evidence that the positive population-averaged 

347 temperature response (Fig. 4b) was due to a temporal warming trend resulting in some fish 

348 spending all their lives in warmer waters (  t statistic 1.85; Fig. 2d-f). Mean water ��
349 temperatures did not differ before and after the commencement of fishing (Welch two sample 

350 t-test, t16.98 ≤ 1.03, P = 0.318) (Fig. 1), and variance in annual temperature did not change 

351 through time (3-year moving window; linear trend p > 0.730). Instead, the observed 

352 temperature-growth relationship was predominantly attributable to within-individual 

353 phenotypic plasticity (  t statistic 3.00; Fig. 2c), There was a 50% decline in thermal ��
354 reaction norm phenotypic variation after the onset of fishing (variance ratio: 2.002 [95% CI: 

355 1.273, 3.147], p <0.001; Fig. 5a). This result was robust to various ways of generating the 

356 underlying data (ratio range: 1.508-2.642, Appendix S1). The relationship between fish size 

357 and reaction norm slope differed markedly across pre- and post-fishing periods (ANCOVA, 
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358 fish length * fishery F1,265= 4.97, p=0.027).  It was strongly positive prior to the onset of 

359 fishing, and non-significant thereafter (Fig. 5b).

360

361 Discussion

362 To the best of our knowledge, this is the first study to document harvest-induced changes in 

363 the distribution of thermal reaction norms in marine or terrestrial systems. Empirical evidence 

364 for climate and fishing synergies is rare and primarily focussed on how lost biocomplexity 

365 changes the functioning of higher levels of biological organisation (Hilborn et al. 2003; Perry 

366 et al. 2010; Planque et al. 2010; Kjesbu et al. 2014; Le Bris et al. 2018). Further, whilst 

367 climate impacts are usually couched in terms of increased and sometimes unsustainable 

368 physiological demands at temperatures that exceed the species’ optimum (e.g. Rummer et al. 

369 2014), our data indicate that the ability of individuals to respond to temperature variation can 

370 be compromised before these upper limits are reached. Here, we found that harvesting did not 

371 have a major impact on shaping the relationship between population-average growth and 

372 temperature. Rather, harvesting affected individual thermal sensitivities (reduction in reaction 

373 norm variation), as well as driving a shift in the size-dependent expression of thermally-

374 dependent growth. Available data strongly suggest that the observed reduction in phenotypic 

375 diversity is the result of a change in biotic rather than abiotic conditions or an artefact of 

376 recreating past growth rates from more contemporary samples. We found no evidence of 

377 between-individual ( ) growth changing through time, which was mirrored in similar mean ��
378 water temperature before and after the commencement of fishing and stable  food availability 

379 over the study period (see Stuart-Smith et al. 2010). Further, our bias correcting term (age-at-

380 capture) was not present in the best model indicating that there was no systematic difference 

381 in estimated growth rates caused by older fish predominantly contributing information to 

382 earlier years.

383 Two hypotheses can explain our observed fishing-induced homogenisation of individual 

384 thermal sensitivity. First, the fish traps used to catch purple wrasse could indirectly select on 

385 thermal phenotype and thus cause fisheries-induced evolution in this trait. It is well 

386 documented that fishing gears can be size selective (Law 2000) and drive reductions in size 

387 and age at maturity and increases in juvenile growth (Swain 2011; Audzijonyte et al. 2016). 

388 Our results are, however, counter to theoretical expectations in that it was average adult 
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389 growth that increased post fishing. Further, it is unclear how any selection driving potential 

390 changes in maturation would then cause a homogenisation of thermal sensitivities. Only 

391 recently have other forms of selection, such as on behaviour, been considered. In general, 

392 behaviour and physiology can play important roles in determining an individual’s encounter 

393 rate with passive fishing gears such as traps (Pauli & Sih 2017). Bolder individuals and those 

394 with higher underlying metabolisms often take more risks or spend more time foraging, 

395 increasing their likelihood of being caught (Biro & Post 2008; Olsen et al. 2012). Thermal 

396 performance has strong links to behaviour and physiology (Angilletta Jr et al. 2003; Portner 

397 & Farrell 2008), so changing frequencies of thermal phenotypes could be an indirect response 

398 to fishing selectivity mediated through another parameter, such as activity level. Further work 

399 is needed to explore the behavioural response of purple wrasse to fishing gear and test 

400 whether behaviour is indeed related to thermal tolerance. 

401 A second alternative hypothesis, that we believe is more biologically plausible, is suggested 

402 by the observed relaxation of density dependent growth in purple wrasse. The growth rate of 

403 sexually mature older fish (>5 years older) increased dramatically (10-28%) after the onset of 

404 the commercial fishery, although changes for young fish (≤ 2 years) were negligible. The 

405 biggest increase in average growth rate occurred in 1995, just after the maximum fisheries 

406 catch (178 tonnes) in 1994. Purple wrasse are long-lived, have strong fidelity to the rocky 

407 reef on which they settle (Barrett 1995b; Welsford 2003), and have a social system based on 

408 overlapping home ranges (Barrett 1995b). Studies of an ecologically similar congeneric 

409 species suggest that home ranges increase with body size and that there is a social hierarchy 

410 underpinned by agonistic interactions predominantly among similar sized individuals 

411 (Shepherd & Clarkson 2001). The presence of a similar social structure, coupled with known 

412 low adult natural mortality rates (Barrett 1995b), would imply that smaller purple wrasse, 

413 with small home ranges and low status, may have limited resources with which to positively 

414 respond to warmer temperatures, i.e., grow faster (Ohlberger 2013). Conversely, larger 

415 dominant individuals could readily maximise their growth in warmer years because of their 

416 access to larger foraging areas and potential surplus resources. A key assumption 

417 underpinning this mechanism, that experienced temperatures do not exceed upper thermal 

418 limits for purple wrasse, is supported as our study area is close to its poleward range limit 

419 (Russell & Gomon 1994). Among small individuals, the effect of warming temperatures on 

420 growth rate was, in fact, predominantly negative, consistent with increased physiological 

421 demands (Clarke & Johnston 1999) coupled with resource limitation. The relatively weaker 
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422 phenotypic response of younger, but not older fish to “good” growth years also suggests they 

423 are resource limited. 

424 In such a scenario, size-dependent access to resources, possibly reinforced by stable pre-

425 fishing social hierarchies, leads to both wide variation in thermal reaction norms among 

426 individuals while accounting for the correlation we observed between body size and the slope 

427 of the thermal reaction norm. Harvesting not only lowers purple wrasse density on reefs, but 

428 also selectively removes larger individuals (Lyle & Hodgson 2001; Ziegler, Haddon & Lyle 

429 2006). This combination steepens the distribution of thermal reaction norms at the lower end 

430 by allowing subordinate individuals access to more resources, but also truncates it at the 

431 upper end by removing the large dominants that could, pre-fishing, optimise their thermal 

432 growth responses in the presence of surplus resources. Coincident disruption of social 

433 hierarchies, we suggest, further flattens the correlation between body size and the slope of the 

434 thermal reaction norm, as the benefits of being big are diminished. In turn this contributes to 

435 the homogenisation of expressed reaction norms across the population after the onset of 

436 fishing. The release from density dependence is therefore not confined only to fish within the 

437 same cohort (e.g. Bacheler, Buckel & Paramore 2012; Whitten et al. 2013), but instead 

438 manifests across all age and size classes.

439 A counter argument to the density dependent hypothesis outlined above can be based on the 

440 observation that the impacts of size differences in a population are relative (e.g. Ross, Losey 

441 & Diamond 1983). In the post-fishery period, there would be new dominant fish (even if 

442 smaller) and these individuals should have surplus resources to maximise growth in warm 

443 years. The fact that such a pattern was not observed could be the result of: prolonged size 

444 selectivity (demographic or evolutionary) continually removing fish with strong thermal 

445 responses (hypothesis 1), size-dependent differences in purple wrasse growth (Denny & 

446 Schiel 2001) whereby smaller individuals cannot access high quality prey (unlikely), or some 

447 temperature-mediated shift in the allocation of resources away from growth to reproduction 

448 (Pankhurst & Munday 2011) in the post-fishery period. Evidence for these alternate 

449 mechanisms is currently lacking for purple wrasse, but it is possible that they are working in 

450 concert with density dependent processes to drive the observed growth changes at the 

451 individual and population level.

452 Fishing and climate change are having profound impacts on the trajectory and variability of 

453 marine populations (Harley et al. 2006; Audzijonyte et al. 2016). However, despite the 
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454 wealth of work undertaken in marine environments on the causes of longer-term biological 

455 change, the effects of these two drivers have traditionally been considered in isolation, and 

456 when in concert only at the population scale (e.g. Perry et al. 2010; Planque et al. 2010; 

457 Kjesbu et al. 2014; Le Bris et al. 2018). Here, we show that fishing can induce shifts in 

458 purple wrasse individual-level biocomplexity, namely the expression of growth thermal 

459 reaction norms. Across all individuals, the mean slope of the thermal reaction norm is 

460 relatively unchanged by harvesting primarily due, we argue, to the improved performance of 

461 small, and potentially  resource-limited subordinate individuals. However, lower density 

462 populations and targeted removal of larger, resource-rich individuals with their strong 

463 phenotypic responses to temperature implies that fishing can erode the adaptive capacity of a 

464 species to deal with climate change by selecting against those phenotypes with the capacity to 

465 respond to warming waters. The loss of these thermally high performing individuals may well 

466 be removing important buffers against the impacts of climate variations and change.
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678 Tables and figures

679 Table 1: Fixed effect parameter estimates for the best intrinsic and extrinsic covariate 

680 models. Note growth and age are natural-log transformed.

fixed effects intrinsic covariate model extrinsic covariate model

parameter estimate 

(95% CI) 

estimate 

(95% CI)

Intercept -3.149 

(-3.180, -3.118)

-3.255 

(-3.308, -3.198)

Age -0.780 

(-0.820, -0.745)

-0.931 

(-0.998, -0.864)

site (HCR) -0.128 

(-0.172, -0.086)

-0.100 

(-0.164, -0.050)

site (PB) -0.073 

(-0.116, -0.026)

-0.102 

(-0.143, -0.053)

annualSST - 0.064 

(0.024, 0.101)

fishery (present) - 0.125

(0.069, 0.175)

age * fishery - 0.191 

(0.122, 0.274)
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690

691

692

693 Table 2: Random effect variance components for the best intrinsic and extrinsic covariate 

694 models outlined in table 1. Random age slopes for each random intercept are denoted by |. 

695 Corr is correlation is between random intercept and respective random slope.

random 

effects

intrinsic 

covariate model

extrinsic 

covariate model

variance 

component

Std. Dev corr. Std. Dev Corr

.

ID 0.111 0.112

age|ID 0.128 -0.17 0.127 -0.16

site:year 0.044 0.036

age|site:year 0.105 0.73 0.080 0.50

Residual 0.215 0.214

696

697

698

699

700 Figure captions

701 Figure 1: a) Map illustrating locations of study sites on east coast of Tasmania, Australia. b) 

702 Temporal extent of increment data used in analyses. Lines and line length represent 

703 individual fish and the number of years available; stepping on the left hand side of lines 

704 indicate cohorts sampled and the right-hand ends the three sampling years. c) Temporal 

705 variation in sea surface temperature (SST) by site. d) Historical record of purple wrasse 

706 commercial catches for the state of Tasmania, illustrating the onset of the wrasse fishery in 

707 1990. Note, site-specific catch data is not available prior to 1995 and quality catch data not 

708 available prior to 1998. 
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710 Figure 2: Hypothetical average population growth response (βp; solid red line) along an 

711 environmental gradient (a) can be caused by a number of within- and between- individual 

712 patterns (dashed lines).Examples include: (b) consistent phenotypic plasticity between 

713 individuals in how they respond to environmental variation (within-individual reaction norms 

714 βw); (c) phenotypic plasticity is present in the population, but individuals differ in the slope of 

715 their reaction norms (βwj); (d) persistent environmental or genetic effects that cause shifts in 

716 between-individual overall growth (βA) depending on the environmental context, but no 

717 evidence for phenotypic plasticity; (e) changes in the environment that cause similar within- 

718 and between-individual variation in growth (βP = βw + βA); and (f) an interaction of within- 

719 and between-individual responses whereby an individual’s reaction norm is dependent on the 

720 environmental conditions they inhabit.

721

722 Figure 3: Annual otolith growth variation (mm of otolith growth, ±95% CI) in purple wrasse 

723 back-transformed to the original scale. (a) age effect; (b) site effect (EHN: Eagle Hawk Neck; 

724 HCR: Hen and Chicken Rocks; PB: Point Bailey); and (c) standardised mean annual otolith 

725 growth across three sites, predicted by site-specific Year random effect conditional modes 

726 (best linear unbiased predictors BLUPs) from the best intrinsic effect model in Table 1. 

727 Horizontal dotted line represents the long-term average (fixed effect intercept), with points 

728 above this line indicative of good growth years whilst those below poor growth years. Note: 

729 in (a) CIs for older ages may be smaller than plotted point size and are not shown in (c) to 

730 improve clarity.

731

732

733 Figure 4: Purple wrasse annual otolith growth (annuli width mm ± 95% CI, back-

734 transformed to the original scale) as a function of extrinsic factors. (a) Age-dependent annual 

735 otolith growth by fishery status (circles: pre-fishery 1980-1989; squares: post-fishery 1990-

736 1999); and (b) annual otolith growth as a function of sea surface temperature (SST). Note: in 

737 (a) CIs for older ages may be smaller than plotted point size; in (b) data points indicate 

738 annual growth rates after accounting for fixed and random effects.

739

740 Figure 5: Variation in individual thermal reaction norms. (a) Density plot of observed 

741 thermal reaction norms in the pre- and post-fishery periods, with sample averages and  ��
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742 (±95% CI) provided for reference. (b) Observed relationship between an individual’s thermal 

743 phenotype (reaction norm slope) and body size (length at capture) as a function of fishery 

744 status. 
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