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Abstract

I.

Fishing@and climate change are profoundly impacting marine biota through unnatural
selectionand exposure to potentially stressful environmental conditions. Their effects,
however, are often considered in isolation, and then only at the population level,
despite there being great potential for synergistic selection on the individual.
We'explored how fishing and climate variability interact to affect an important driver
of fishery productivity and population dynamics: individual growth rate. We projected
that'average growth rate would increase as waters warm, a harvest-induced release
from"density dependence would promote adult growth, and that fishing would

increase.the sensitivity of somatic growth to temperature.

3. Wemeasured growth increments from the otoliths of 400 purple wrasse (Notolabrius

funicola), a site-attached temperate marine reef fish inhabiting an ocean warming
hotspot, to generate nearly two decades of annually resolved growth estimates from
three populations spanning a period before and after the onset of commercial fishing.
We used hierarchical models to partition variation in growth within and between
individuals and populations, and attribute it to intrinsic (age, individual-specific) and
extrinsic (local and regional climate, fishing) drivers.

At thespopulation scale, we detected predictable additive increases in average growth
rate;assoeiated with warming and a release from density dependence. A fishing-
warming synergy only became apparent at the individual scale where harvest resulted
in the®50% reduction of thermal-growth reaction norm diversity. This phenotypic
change was primarily caused by the loss of larger individuals showing a strong

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

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

either inadvertent fisheries selectivity based on behaviour, or the disruption of social
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hierarchies resulting from the selective harvesting of large, dominant and resource-
rich individuals. Whatever the cause, the removal of individuals that display a positive
growth response to temperature could substantially reduce species’ capacity to adapt

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

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

biochronolegy, reaction norm, time series; fisheries induced evolution

Introduction

A growing body of work has documented how fishing-induced loss of ‘biocomplexity’, such
as life history variation, demographic and stock structure, can increase the sensitivity of
populations to environmental variability (Hilborn ef al. 2003). Termed the ‘portfolio effect’,

the dynamics of aggregated stocks rich in biocomplexity are less variable than those of their
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individual constituents (Schindler ez al. 2010). Current work in this space adopts a
population-level focus reflecting the argument that fishing is unlikely to alter the sensitivities
of individual fish to the environment because harvested individuals are no longer alive to
respond (Perry et al. 2010). Instead, the selective harvesting of certain phenotypes results in
populations deminated by fewer and younger age classes (Ottersen, Hjermann & Stenseth
2006) and depauperate of life history diversity (Law 2000), that in turn display an amplified
environmental response (Hsieh ez al. 2006; Hidalgo et al. 2011; Rouyer et al. 2011).

Fishing increases-overall mortality rates and can select against certain sized fish, and life-
history thegry predicts that this elevated mortality should select for “faster’ life histories
characterised by rapid juvenile growth, early maturation, smaller body size and reduced life
span (Roff1992; Law 2000). Fishing can also affect individuals across their lifetime through
environmentallyssensitive labile traits such as somatic growth (Morrongiello & Thresher
2015; Audzijenyte ef al. 2016). Indeed, growth is an ideal candidate with which to explore
additive and synergistic impacts of fishing and environmental variability on individuals as it
is the phenotypic manifestation of interacting intrinsic (within individual) and extrinsic
(environmental oriecological) components that affect the acquisition and allocation of
resources (Enberg et al. 2012). Growth not only influences individual fitness insofar as it is
related to bodyssize, behaviour, reproductive output and mortality rates, but also contributes,
along with*other factors like reproduction and survival, to a range of population-level metrics
such as recruitment success, generation time, and stock biomass. Whilst fishing can
selectively remove fast (or slow) growers from a population (Sinclair, Swain & Hanson 2002;
Enberg ef al#2012), it can also affect the growth of remaining fish through alterations to
density dependent processes (Lorenzen & Enberg 2002), social context (Buston 2003),
habitat (Rooper et al. 2011) or food webs (Audzijonyte et al. 2013). Importantly, the impact
of these fishing-related changes on the individual is dependent on the environmental context

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

Here, we dewveloped 19-year growth biochronologies (1980-1999) for three south-east
Australian populations of a site-attached temperate reef fish, Notolabrus fucicola (Richardson
1840; purple wrasse) (Fig. 1a-b), using the individual-based and annually-resolved growth
information naturally archived in otoliths. Otolith growth increments are analogous to tree
rings in that they are periodically deposited, and their width reflects somatic growth
(Campana 2001; Morrongiello, Thresher & Smith 2012). The south-east Australian purple

wrasse commercial fishery is nascent, beginning in the early 1990s (Fig. 1d) and targeting
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adults (8+ years of age, >280 mm) using baited fish traps for the live fish trade (Lyle &
Hodgson 2001). We used annually resolved estimates of population-level and individual
growth 10 years prior to, and nine years after, the onset of harvesting to assess the potentially
interacting effects of harvest and environmental variation on growth rates. The marine
environmentof'south-east Australia has undergone significant change over the last decade to
millennia attributable to increased fishing activity (Tilzey & Rowling 2001), natural climatic
variability (Thresher 2002), and a warming trend 3-4 times the global average (Hobday &
Pecl 2014)5the last associated with a strengthening of the East Australian Current (Ridgway
2007).

We used mixed effects models to partition individual growth variation amongst its intrinsic
and extrinsic components. These statistical models can be readily extended from their
common population-level focus to estimate individual-based reaction norms and persistent
between-individual effects due to environmental variability (Fig. 2) (van de Pol & Wright
2009; Morrongicllo & Thresher 2015). Such model innovations allowed for the concurrent
assessment of fishing and climatic effects at the population, between-individual, and within-
individual levels.’Adopting a hierarchical approach, we hypothesised that: 1) average
individual growth rates will be positively related to warming conditions, in accordance with
other shallow*water fishes in the region (e.g. Thresher et al. 2007; Neuheimer ef al. 2011) and
because sampled reefs in this study are at the poleward range limit and therefore unlikely to
be close to critical upper thermal limits; 2) the advent of commercial fishing halfway through
our study period will result in an increase in average adult growth due to release from density
dependence(Eorenzen & Enberg 2002); 3) the sensitivity of somatic growth to temperature
will change afterfishing at a population level due to the selective removal of larger
individuals/{(Perry et al. 2010); and 4) the sensitivity of individual-level growth to
temperature will change after fishing as an indirect outcome of a shift in the balance between
biotic (e.g. competition) and abiotic (e.g. temperature) controlling factors of growth across a
fish’s lifetime. We demonstrate that harvesting can affect the sensitivity of individual fish to
climate variability via their thermal reaction norms. Whilst fishing relaxed density dependent
constraints.on growth, it halved the expression of phenotypic diversity within populations

through either inadvertent selection or the disruption of social hierarchies.

Materials and methods

This article is protected by copyright. All rights reserved
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Study species

Purple wrasse are a secondarily gonochoristic species, with all fish starting as females and
some changing sex to males before maturity at 2-3 years of age and ~120 mm in length
(Barrett 1995a; Denny & Schiel 2002). They inhabit the shallow (<25m) coastal waters of
south-east Australia and New Zealand (Russell & Gomon 1994), displaying fidelity to the
reef on which they settle (Barrett 1995b). Individuals can reach 600 mm in length and live >
25 years(Denny=& Schiel 2002), with a maximum age of 20 observed in the study region
(Ewing et alx2003). Peak growth occurs during the austral spring and summer (Welsford &
Lyle 2005)!

Fish collection‘and annual growth estimation

Otolith samplesswere collected as part of fishery independent surveys in 1999-2002 from
three near shereseefs on the east coast of Tasmania, Australia: Point Bailey (PB, n=134),
Eaglehawk/Neck (EHN, n=132) and Hen and Chicken Rocks (HCR, n=134 fish (Fig la&b).
All reefs have'been subjected to commercial fishing since 1990 (Fig. 1c). Fish were caught
using baited fish traps and sampled when total length was >130 mm (see Ewing et al. 2003
for additional sampling details). The formation of annual growth increments in purple wrasse
otoliths has been validated (Ewing et al. 2003) and ageing precision (calculated using average
percent errotr (APE), Beamish & Fournier 1981) is high (0.8% within readers, 2.6% among
readers; Ewing ef al. 2003).

Sagittal otolith sections were viewed under 100x magnification, images taken using a Leica
camera (MZ16FA) and increment measurements made using Leica Application Suite
(Version 4, Leica Microsystems Ltd) along an axis from the primordium to the other edge of
the ventral lobe. Otolith growth was a strong indicator for somatic growth: larger purple
wrasse (in length and weight) had wider otolith radii (OLS regression: n=216 fish with length
data, R>= 0:7595#P<0.001; n=376 fish with weight data [log transformed to account for
allometric relationship], R>= 0.725, P<0.001; see Fig. S1 in supporting information). We
therefore used otolith increment widths as a proxy for annual somatic growth. We did not
perform backcalculation as our response variable of interest was growth rate, not size at age

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

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

for age distribution and size at age plots) with an obvious skew towards older fish
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contributing growth information in earlier years (Fig. 1b). Such non-random samples are a
common issue when using historical collections, including otoliths, to recreate past biological
patterns (Pyke & Ehrlich 2010; Morrongiello, Thresher & Smith 2012). We countered the
possibility of non-random samples introducing spurious growth patterns in three ways. First,
we adopted asstratified sampling regime whereby we maximised the age spread of fish
representing each cohort to ensure where possible we had data from young and old fish for
each year (Morrongiello, Thresher & Smith 2012). Second, we included a bias-correction
term in ourgmodels that identified the presence of any directional trend in growth associated
with skewed.age, distributions, and corrected annual growth estimates accordingly (age-at-
capture, see below; Morrongiello & Thresher 2015). Third, to ensure the age-related growth
measured in'pre- and post-fishery periods were comparable and to facilitate the meaningful
estimation of any interactions among age-dependent growth and the environment, we
truncated increment data to that associated with ages 2-11 within fish (i.e. increments
associated with the 2" to 11% year of an individual’s life) which is the extent available data in

the pre-fishery period.
Growth predictors

Purple wrasse growth variation was related to a series of intrinsic and extrinsic covariates.
Intrinsic variables included fish age in years corresponding to a particular increment (age)
and age-at-capture which controlled for age-dependent biases or differential selectivity in the
data (Morrongiello & Thresher 2015) and is similar in purpose to the length term in Hagen
and Quinn’s otolith-based growth model (1991). Extrinsic variables included site (PB, EHN,
HCR), average annual southern oscillation index (SOI), average annual sea surface
temperature (SST) over the fish growth year (annualSST, 1 October to 30 September),
average warm period SST (warmSST, 1 October to 31 March), and the presence or absence of
commercial fishing operations (fishery). Sex was not considered due to uncertainty around
when fish sex=changed to males and evidence from von Bertalanffy growth models indicating

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

We used SynTS (Ridgway et al. 2006) to provide localised estimates of SST for each site
(Fig. 1c). SynTS is a spatially (0.2° to 0.25° resolution) and temporally resolved product that
models temperature-at-depth and is available semi-daily for the period 1993-2011 for
Australian waters. We extended SST estimates for each site back to 1980 (Figure 1d) by
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regressing available SynTS data (19 years) with the coarser modelled estimates of annual

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

A commercial fishery for purple wrasse (and the related blue throat wrasse Notolabrus
tetricus) commenced in the early 1990s (Lyle & Hodgson 2001) but the quality of
commercial cateh data was poor prior to 1998 due to fisher over-reporting and a lack of
consistency in distinguishing catch by species (Ziegler, Haddon & Lyle 2006). We therefore
considered commercial fishery impacts (fishery) as a categorical variable with two levels: no

fishing (1980=1989) and fishing (1990-2001).
Statistical analyses

Average individual growth

A series of mixed effects models were developed through a two-stage process (Morrongiello
& Thresher 2015) to investigate intrinsic and extrinsic drivers of purple wrasse annual
growth (otolith annuli width in mm) within and across the three sites. Analyses were
performed using.the Ime4 package in R 3.0.2. These models assume a compound symmetric
correlation 'structure among increments within an individual, which has previously been
shown tg'be“appropriate for otolith growth analyses where within-group time series are short
and autocorrelatton minimal (Weisberg, Spangler & Richmond 2010; Morrongiello et al.
2011). Weassumed an exponential decay function to model growth-increments as a function
of age (e.g. Helser & Lai 2004). Otolith increment and age data where log-log transformed to
linearize this relationship and ensure homogeneity of variance, and all covariates mean-

centred to facilitate model convergence and interpretation of interaction terms.

Stage one iavolved partitioning growth variation into its specific intrinsic, and pooled
extrinsic, components. Initially we compared four models with varying random effect
structures and the interactive intrinsic fixed effects site *age and site *age-at-capture. This
maximal fixed effect structure allowed for age-specific effects on growth that could vary
among sites and site-specific differences in potential sampling bias (Biro 2013) or differential
growth selectivity e.g. faster growers have lower survival (Ricker 1969; Morrongiello,

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

Yijie = a + af + a+ Bxjao + bixi + bjkxjg+ f(-) + i
af al, 2 (Eq. 1)
BE. ~N(0,2), By ~N(0,Zx)), €x~N(0,0%) :

1i 1kl
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where y;; 1s the annual growth for the ith fish at age j from site &, ay, is the fixed (population
average) annual growth intercept, a{,l is the random extrinsic effect for site k at year /
(/=1980,...,1999), Bk describes the age-dependent (/= 2,...,11) decline in growth specific to
each site k (k= 1,2,3), af is the random intrinsic fish effect (i=1,...,400), b;; is the random
slope of age for fish i, by, is the random slope of age for site k at year / and f(+) denotes
additional fixed effects (e.g. age-at-capture, annualSST, fishery and their interactions). This
model allows.each individual fish to have a unique random intercept (higher or lower growth
than average) and random growth by age slope (individual specific differences in age-
dependent growth). It also allows a random intercept for each year within each site to reflect
pooled extrinsi¢’sources of variation (good or poor growth years, independent within and
between sites) and for these random intercepts to have their own unique age slope (time and
space varying.interactions between age-dependent growth and extrinsic effects). The three
simpler models sequentially dropped the random age slopes for individual fish, site-year

combinationsyorboth (Table S1).

The four random effect structures were fit with restricted maximum likelihood (REML) and
compared using Akaike’s Information Criterion corrected for small sample sizes (AICc;
Burnham:&Amnderson 2002). These values were rescaled as the difference between each
model and the model with the lowest AIC, (AAIC,.). We then applied the best random effect
structure tormodels of increasing intrinsic fixed effect complexity using maximum likelihood
(ML) and compared their performance using AIC.. The optimal annual growth model was re-

analysed using®REML to produce unbiased parameter estimates.

Stage two involved extending the optimal annual growth model determined above to relate
patterns in inter=annual growth variation to extrinsic variables. We developed and compared
models thatineluded combinations of fishery and one of SOI, annualSST or warmSST due to
collinearity among environmental variables. The maximal models included four way
interactions among age, site, fishery and SOI, annualSST, or warmSST; these complex terms
allowed for the additive or synergistic effects of fishery and environmental variation to be age
and/or site’dependent. Simpler models included different combinations of these terms.
Models were fit with ML, compared using AIC, as above, and the optimal model refit with

REML.

Average thermal reaction norms
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Equation 1 and its extrinsic effect derivations assess how the average individual’s growth
responds to environmental change and fishing activity. This average growth response (Fig.
2a) could be derived from within-individual phenotypic plasticity whereby an individual’s
growth varies depending on the experienced conditions (reaction norm; Fig. 2b-c), between-
individualreffeets'that reflect persistent environmental or genetic differences (Fig. 2d) or a
combinationt of both (Fig. 2e-f). We partitioned the average temperature growth response into
its within- and between-individual components using the method outlined by Morrongiello
and Thresher (2015) that employs within subject centring (van de Pol & Wright 2009). We
calculated the average annual temperature experienced by individuals across their lifetime
Xsst , then the deviation of each annual temperature experienced by a fish from this mean (

XssTit) — Xssti)- The linear mixed effect model (based on the ‘best” average individual

growth model from above) that accounts for within- and between-individual temperature

effects is then specified as:

Vije=ax+al +af+ Bjx o T bixii + blkixio + Bw(xsstiqy — Xssti) + blvi(xssricry — Xssri)
+BaXssri + Bixjm) + €ijk

(441

i

biy;

y (Eq. 2)
~N(0,%), [g&;jjﬂv(ozkl). £i~N(0,0%)

where By is the'average within-individual temperature slope (average thermal reaction
norm), blysisttherandom within-individual temperature slope for fish i (individual-specific
thermal reaction norm), 84 is the between-individual temperature slope and () is a
fishery*age mteraction to account for age-dependent fishery effects on growth (see results).
Equation 2/can be extended to include Sy (4, an interaction of within- and between-
individual slopes that tests whether individual growth responses are dependent on average
thermal conditions experienced (e.g. Fig. 2d), and the terms By iy and By ) that are average
thermal reactionsmorms for each site (k) and fishery period (m) respectively and capture
potential spatial and temporal differences in average phenotypic plasticity. Models of

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

Thermal reaction norm variation

We compared phenotypic variation in predicted thermal reaction norms (b, derived from

the best equation 2 formulation) before and after the onset of fishing for all fish combined

and separately for each site. Fish were assigned to either the pre-fishery or post-fishery period
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based on which period they spent most of their life in. Predicted estimates of individual-
specific thermal reaction norms are sensitive to the number of underlying data points: values
for fish with little growth data are ‘shrunk’ closer to the average reaction norm (fy,) than
those from fish with lots of growth observations. We therefore only compared reaction norms
from fish"with atleast six growth measurements (range 6-10), resulting in 45 pre-fishery and
224 post-fishery individuals in total. We then estimated the ratio of variance using 10,000
bootstrapped samples for all the pre-fishery reaction norms and a random selection of the
same number post-fishery reaction norms. Finally, we compared patterns of size-dependent
reaction norm expression across both periods to test for social hierarchy-dependent fishing

effects on thermal sensitivity.

Results

We detected a hierarchy of attributable biological response, with considerable within- and
between-individual growth variation becoming manifest as population-level differences in
average growth rate through time. The data support three of our four hypotheses: average
growth rateincreased as water warmed (1); adults grew faster after the onset of fishing (2);
and the sensitivity of growth to temperature increased with harvesting, but, critically, only at

the individualdevel (4).
Intrinsic and extrinsic sources of growth variation

The best supported random effect structure for average individual growth was the most
complex (Table'S1) and included random age slopes and intercepts for individual fish and
each site by year combination. Using this random effect structure, the best supported intrinsic
fixed covariate model included additive terms for age and site (Table S2a). This model did
not include the age-at-capture term, meaning we did not detect any evidence for biases in
growth rates through time or across sites associated with our sampling regime. Growth
declined with age’(Fig. 3a) and on average Eaglehawk Neck (EHN) fish grew 7% and 12%
faster thanithose from Point Bailey (PB) and Hen and Chicken Rocks (HCR), respectively
(Table 1; Fig. 3b). Extrinsic patterns in annual growth rates across sites (Fig. 3c) were all
significant (p<0.016) and strongly correlated (EHN vs. PB [n=18]: r=0.74, EHN vs. HCR
[n=17]: r=0.57; PB vs. HCR [n=17]: r=0.77). Annual growth was lowest in the mid-1980s
and rapidly increased post ~1995, just after the period of maximum fishery catch (Fig. 1d).
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Older fish had relatively higher growth compared to younger fish in ‘good’ growth years
(0.73 correlation between year random intercept and random age slope; Table 2, Fig. S3a).
This result indicates that whilst all fish grow faster in good years, older fish have relatively

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

All models ineluding additional extrinsic parameters performed better than the intrinsic
covariate model (Table S2b). The best overall model included average annual sea surface
temperatures(@nnualSST) and different growth~age relationships before and after the onset of
commercial-fishing (age * fishery) (Table 1). The growth of older fish was proportionally
higher after the onset of commercial fishing (Fig. 4a); 2-year olds grew 7.4% slower
(overlapping 95% Cls), but 5-year-olds grew 10.3% and 10-year-olds 26% faster in the latter
period. Average growth rates across all ages increased by 6.6% per °C (Fig. 4b). The
magnitude of'spatial growth variation among sites remained relatively constant despite the
addition ofenvironmental data (Table 1). There were, however, declines in the variance
associated with both the site-specific year random intercept (-18.2%) and age slope (-23.8%)
in the extrinsic effect model (Table 2) indicating that the addition of annualSST and fishery
explained some, but not all, of the inter-annual age-dependent growth variability. We found
no evidence for a temperature by fishing interaction affecting average individual growth, as

measured at the;population scale.
Within- versus between-individual growth variation

There was little support for spatial or temporal variation in average thermal reaction norms
(Table S2c)«Further, we found negligible evidence that the positive population-averaged
temperature zesponse (Fig. 4b) was due to a temporal warming trend resulting in some fish
spending all their lives in warmer waters (84 t statistic 1.85; Fig. 2d-f). Mean water
temperatures did not differ before and after the commencement of fishing (Welch two sample
t-test, ti08 < 1.03, P =0.318) (Fig. 1), and variance in annual temperature did not change
through time (3-year moving window; linear trend p > 0.730). Instead, the observed
temperature-growth relationship was predominantly attributable to within-individual
phenotypie,plasticity (S t statistic 3.00; Fig. 2¢), There was a 50% decline in thermal
reaction norm phenotypic variation after the onset of fishing (variance ratio: 2.002 [95% CI:
1.273, 3.147], p <0.001; Fig. 5a). This result was robust to various ways of generating the
underlying data (ratio range: 1.508-2.642, Appendix S1). The relationship between fish size
and reaction norm slope differed markedly across pre- and post-fishing periods (ANCOVA,
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fish length * fishery F 265= 4.97, p=0.027). It was strongly positive prior to the onset of
fishing, and non-significant thereafter (Fig. 5b).

Discussion

To the best:ofourknowledge, this is the first study to document harvest-induced changes in
the distribution of thermal reaction norms in marine or terrestrial systems. Empirical evidence
for climate and fishing synergies is rare and primarily focussed on how lost biocomplexity
changes the functioning of higher levels of biological organisation (Hilborn et al. 2003; Perry
et al. 2010; Planque et al. 2010; Kjesbu et al. 2014; Le Bris ef al. 2018). Further, whilst
climate impaets are usually couched in terms of increased and sometimes unsustainable
physiological demands at temperatures that exceed the species’ optimum (e.g. Rummer et al.
2014), our data indicate that the ability of individuals to respond to temperature variation can
be compromised before these upper limits are reached. Here, we found that harvesting did not
have a major impact on shaping the relationship between population-average growth and
temperature. Rather, harvesting affected individual thermal sensitivities (reduction in reaction
norm variation)pas well as driving a shift in the size-dependent expression of thermally-
dependent growthi Available data strongly suggest that the observed reduction in phenotypic
diversity isthe'result of a change in biotic rather than abiotic conditions or an artefact of
recreating past growth rates from more contemporary samples. We found no evidence of
between-individual (S ,) growth changing through time, which was mirrored in similar mean
water temperature before and after the commencement of fishing and stable food availability
over the study period (see Stuart-Smith et al. 2010). Further, our bias correcting term (age-at-
capture) was not present in the best model indicating that there was no systematic difference
in estimated growth rates caused by older fish predominantly contributing information to

earlier years:

Two hypotheses can explain our observed fishing-induced homogenisation of individual
thermal gensitivity. First, the fish traps used to catch purple wrasse could indirectly select on
thermal phenotype and thus cause fisheries-induced evolution in this trait. It is well
documented that fishing gears can be size selective (Law 2000) and drive reductions in size
and age at maturity and increases in juvenile growth (Swain 2011; Audzijonyte ef al. 2016).

Our results are, however, counter to theoretical expectations in that it was average adult
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growth that increased post fishing. Further, it is unclear how any selection driving potential
changes in maturation would then cause a homogenisation of thermal sensitivities. Only
recently have other forms of selection, such as on behaviour, been considered. In general,
behaviour and physiology can play important roles in determining an individual’s encounter
rate with passivefishing gears such as traps (Pauli & Sih 2017). Bolder individuals and those
with higher underlying metabolisms often take more risks or spend more time foraging,
increasing their likelthood of being caught (Biro & Post 2008; Olsen ef al. 2012). Thermal
performance has strong links to behaviour and physiology (Angilletta Jr et al. 2003; Portner
& Farrell 2008);s0 changing frequencies of thermal phenotypes could be an indirect response
to fishing selectivity mediated through another parameter, such as activity level. Further work
is needed torexplore the behavioural response of purple wrasse to fishing gear and test

whether behaviour is indeed related to thermal tolerance.

A second alternative hypothesis, that we believe is more biologically plausible, is suggested
by the obsetrved relaxation of density dependent growth in purple wrasse. The growth rate of
sexually mature older fish (>5 years older) increased dramatically (10-28%) after the onset of
the commercial fishery, although changes for young fish (< 2 years) were negligible. The
biggest increase in average growth rate occurred in 1995, just after the maximum fisheries
catch (178 tonnes) in 1994. Purple wrasse are long-lived, have strong fidelity to the rocky
reef on which they settle (Barrett 1995b; Welsford 2003), and have a social system based on
overlapping home ranges (Barrett 1995b). Studies of an ecologically similar congeneric
species suggest that home ranges increase with body size and that there is a social hierarchy
underpinnedsby agonistic interactions predominantly among similar sized individuals
(Shepherd &Clarkson 2001). The presence of a similar social structure, coupled with known
low adult natural mortality rates (Barrett 1995b), would imply that smaller purple wrasse,
with small'home ranges and low status, may have limited resources with which to positively
respond to warmer temperatures, i.e., grow faster (Ohlberger 2013). Conversely, larger
dominant individuals could readily maximise their growth in warmer years because of their
access to larger foraging areas and potential surplus resources. A key assumption
underpinning this mechanism, that experienced temperatures do not exceed upper thermal
limits for purple wrasse, is supported as our study area is close to its poleward range limit
(Russell & Gomon 1994). Among small individuals, the effect of warming temperatures on
growth rate was, in fact, predominantly negative, consistent with increased physiological

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

are resource limited.

In such a scenario, size-dependent access to resources, possibly reinforced by stable pre-
fishing social hierarchies, leads to both wide variation in thermal reaction norms among
individuals while accounting for the correlation we observed between body size and the slope
of the thermal reaction norm. Harvesting not only lowers purple wrasse density on reefs, but
also seleetivelysremoves larger individuals (Lyle & Hodgson 2001; Ziegler, Haddon & Lyle
2006). This.«combination steepens the distribution of thermal reaction norms at the lower end
by allowing subordinate individuals access to more resources, but also truncates it at the
upper end by removing the large dominants that could, pre-fishing, optimise their thermal
growth responses in the presence of surplus resources. Coincident disruption of social
hierarchiesywessuggest, further flattens the correlation between body size and the slope of the
thermal reaetion-norm, as the benefits of being big are diminished. In turn this contributes to
the homogenisation of expressed reaction norms across the population after the onset of
fishing. The release from density dependence is therefore not confined only to fish within the
same cohort (e.g. Bacheler, Buckel & Paramore 2012; Whitten et al. 2013), but instead

manifests across all age and size classes.

A counter argument to the density dependent hypothesis outlined above can be based on the
observation that the impacts of size differences in a population are relative (e.g. Ross, Losey
& Diamond 1983). In the post-fishery period, there would be new dominant fish (even if
smaller) and these individuals should have surplus resources to maximise growth in warm
years. The fact that such a pattern was not observed could be the result of: prolonged size
selectivity (demographic or evolutionary) continually removing fish with strong thermal
responses (hypothesis 1), size-dependent differences in purple wrasse growth (Denny &
Schiel 2001). wheteby smaller individuals cannot access high quality prey (unlikely), or some
temperature=mediated shift in the allocation of resources away from growth to reproduction
(Pankhurst &Munday 2011) in the post-fishery period. Evidence for these alternate
mechanismssis currently lacking for purple wrasse, but it is possible that they are working in
concert with density dependent processes to drive the observed growth changes at the

individual and population level.

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

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 wrasserindividual-level biocomplexity, namely the expression of growth thermal

459  reaction nofms. 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'tesponses 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 impartant buffers against the impacts of climate variations and change.
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679  Table 1: Fixed effect parameter estimates for the best intrinsic and extrinsic covariate

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

681

682

683

684

685

686

687

688

689

fixed effects intrinsic covariate model extrinsic covariate model
parameter estimate estimate
95% CI) 95% CI)
Intercept -3.149 -3.255
(-3.180, -3.118) (-3.308, -3.198)
Age -0.780 -0.931
(-0.820, -0.745) (-0.998, -0.864)
site (HCR) -0.128 -0.100
(-0.172, -0.086) (-0.164, -0.050)
site.(PB) -0.073 -0.102
(-0.116, -0.026) (-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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Table 2: Random effect variance components for the best intrinsic and extrinsic covariate
models outlined in table 1. Random age slopes for each random intercept are denoted by |.

Corr is cerrelation is between random intercept and respective random slope.

random intrinsic extrinsic
effects covariate model  covariate model
variance Std. Dev  corr. Std. Dev  Corr
component

1D 0.111 0.112

age|lD 0.128 -0.17 0.127 -0.16
site:year 0.044 0.036
agelsite:year 0.105 0.73 0.080 0.50
Residual 0.215 0.214

Figure captions

Figure 1: a) Map illustrating locations of study sites on east coast of Tasmania, Australia. b)
Temporal extent of increment data used in analyses. Lines and line length represent
individual fishsand the number of years available; stepping on the left hand side of lines
indicate cohorts.sampled and the right-hand ends the three sampling years. ¢) Temporal
variation in sea'surface temperature (SST) by site. d) Historical record of purple wrasse
commercial‘eatches for the state of Tasmania, illustrating the onset of the wrasse fishery in
1990. Note, site-specific catch data is not available prior to 1995 and quality catch data not
available prior to 1998.
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Figure 2: Hypothetical average population growth response (B,; solid red line) along an
environmental gradient (a) can be caused by a number of within- and between- individual
patterns (dashed lines).Examples include: (b) consistent phenotypic plasticity between
individuals in how they respond to environmental variation (within-individual reaction norms
Bw); (¢) phenotypic plasticity is present in the population, but individuals differ in the slope of
their reaction norms (B.); (d) persistent environmental or genetic effects that cause shifts in
between-individual overall growth (B4) depending on the environmental context, but no
evidence for phenotypic plasticity; (e) changes in the environment that cause similar within-
and between-individual variation in growth (Bp = By, + Ba); and (f) an interaction of within-
and between-individual responses whereby an individual’s reaction norm is dependent on the

environmental €onditions they inhabit.

Figure 3: Annual otolith growth variation (mm of otolith growth, +95% CI) in purple wrasse
back-transformed to the original scale. (a) age effect; (b) site effect (EHN: Eagle Hawk Neck;
HCR: Hen and.Chicken Rocks; PB: Point Bailey); and (c) standardised mean annual otolith
growth across three sites, predicted by site-specific Year random effect conditional modes
(best linear unbiased predictors BLUPs) from the best intrinsic effect model in Table 1.
Horizontal dotted line represents the long-term average (fixed effect intercept), with points
above this lin¢ indicative of good growth years whilst those below poor growth years. Note:
in (a) CIs for older ages may be smaller than plotted point size and are not shown in (c) to

improve clarity.

Figure 4: Purple wrasse annual otolith growth (annuli width mm =+ 95% CI, back-
transformed to.the original scale) as a function of extrinsic factors. (a) Age-dependent annual
otolith growthrby fishery status (circles: pre-fishery 1980-1989; squares: post-fishery 1990-
1999); and (b)sannual otolith growth as a function of sea surface temperature (SST). Note: in
(a) CIs for.elder ages may be smaller than plotted point size; in (b) data points indicate

annual growth rates after accounting for fixed and random effects.

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

thermal reaction norms in the pre- and post-fishery periods, with sample averages and Sy,
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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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