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12 ABSTRACT

13 Changes in size and age at maturation of many geglosh stocks have been investigated
14  and the influences of environmental factors andatgtion have often been inferred, but not
15 explicitly investigated. Here we determine probighd maturation reaction norms (PMRNS)
16 for Barents Sea haddocklélanogrammus aeglefinuasing generalized linear models

17 (GLM) and mixed effect models (GLMMSs), which accotor the correlation among samples
18 within a tow station, and investigate the effedtishing mortality, environmental factors

19 (NAO, water temperature, and salinity), and potdrtensity dependence or species

20 interaction effects. We found little evidence afansistent trend in maturation tendencies for
21 Barents Sea haddock for cohorts 1983—-2003, agegehtr6. Female haddock matured at

22 larger lengths for a given age than males, butalvpatterns were similar for both sexes. The

23 GLMM approach gave consistently higher PMRN midpestimates than the GLM
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approach, which indicated that PMRNs that do nobaot for correlations within the data
may bias estimates. Environmental factors, ratiem exploitation, density dependence, or
species interactions, were responsible for therebdechanges in size and age at maturation
in Barents Sea haddock during the late 1980s tireagy 2000s. Little evidence of
fisheries-induced evolution was found in these @ighr the time period investigated. The lack
of a significant temporal trend in maturation ma&ydue to several challenges in estimating
representative population parameters for this stibektrait change being in a period of stasis
or reversal, or adaptation by the fish to highepleixation in the past resulting in negligible

evolutionary selection during the study period wk&ploitation has been more moderate.

Keywords: Barents Sea, haddock, life history, mattan, Melanogrammus aeglefinus

probabilistic maturation reaction norms

1. Introduction

Harvesting of wild populations is not random satettHumans are capable of generating
relatively rapid phenotypic changes within harvdgiepulations by targeting individuals of
certain sizes, age classes, or behaviours (Henddy, 2008; Darimont et al., 2009).
Concentrated and high selection pressure on ingidsdcan result in genetic changes in the
population if the selected phenotype has a payéaktic basis (Miller, 1957; Ricker, 1981;
Nelson and Soulé, 1987; Rijnsdorp, 1993a; Law, 2006 history traits that have a partial
genetic basis and have been shown to evolve uetltive pressures include age and size at
maturation (Silliman, 1975; Reznick et al., 199@zRick and Ghalambor, 2005),

reproductive effort (Rijnsdorp et al., 2005), graw€onover and Munch, 2002; Conover et



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

al., 2005; Neuheimer and Taggart, 2010), and fetyBhomas et al., 2009). Traits also
evolve in response to changing environmental cardit which include density dependent
growth responses resulting from changes in inti@per interspecific competition,
oceanographic conditions, and changes in preyaibil or type (Stokes et al., 1993).
Pinpointing whether trait change is a result ofritgpic plasticity or genetic evolution must
either depend on molecular genetic analysis or comgarden experiments, which are
relatively rare, or weaker approaches, such agsegm or reaction norm methods

(Dieckmann and Heino, 2007).

Probabilistic maturation reaction norms (PMRNs)ébeen suggested as a method to
disentangle the effects of phenotypic plasticipnirgenetic effects on maturation (Heino et
al., 2002b). By describing the probability of beéogimature as a function of age and size,
PMRNSs are thought to remove the main effects ofimgrmortality and juvenile growth rates
(Dieckmann and Heino, 2007). However, the PMRN aggh has limitations. Reaction
norms for age and length at maturation do not adcfou factors other than growth-related
phenotypic plasticity in maturation (Dieckmann ateino, 2007; Uusi-Heikkila et al., 2011),
nor do they disentangle all effects of growth vaitisy on maturation, neither in theory
(Heino and Dieckmann, 2008) nor in practice (Moatal Fukuwaka, 2006; Morita et al.,
2009). When possible, other variables should bleidee in the maturation reaction norm
estimation, and some work has investigated highraedsional reaction norms, which
included the effects of condition and temperaturéh@ maturation process (Baulier et al.,
2006; Grift et al., 2007; Mollet et al., 2007; Vikika et al., 2009a). Yet imperfect
disentanglement does not make the PMRN approaectidn¥MRNs remove the plastic
effects of varying average juvenile somatic grovates from the description of the
maturation schedule (Dieckmann and Heino, 20074 this is already an improvement over

indices that are sensitive to growth variabilitycls as maturity ogives. Often unaccounted
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effects, such as condition and water temperatare pe seen as contributing “mere” noise to
estimation. However, when unaccounted effects dhemds, they may introduce spurious
trends to PMRNSs or mask true trends (DieckmannHeido, 2007; Heino and Dieckmann,
2008). As with any other statistical tool, resdittsen PMRN analyses must be interpreted

critically.

PMRNSs have been used to investigate changes irasiz@ge at maturation for many
commercial fish stocks (e.g., Heino and Dieckm&@®8; Wang et al., 2008; Pardoe et al.,
2009; Vainikka et al., 2009a; Vainikka et al., 2B09an Walraven et al., 2010; Swain, 2011),
and the general concession has been that an impéataor for the observed changes is
exploitation. Furthermore, fishing pressure exmdithe observed changes in life history
traits for the majority of the 37 fish stocks intigated by (Sharpe and Hendry, 2009). Most
PMRN studies assessing changes in size and agat@atation have not explicitly evaluated
the contribution of environmental factors, althoulybre are a few exceptions (e.g., Heino et

al., 2002c; Mollet et al., 2007; Pardoe et al.,206n Walraven et al., 2010).

Changes in PMRNs have been or currently are bewestigated for two of the main
commercial species in the Barents Sea, NortheasicArod Gadus morhuaHeino et al.,
2002c) and capelirMallotus villosus L. Baulier, in prep.). Haddochelanogrammus
aeglefinu3 is the second most important commercial grouhdjgecies in the Barents Sea.
Stock dynamics are characterized by large cydlictélations (Olsen et al., 2010) and strong
recruitment pulses, thought to be partially linkedvater temperatures (ICES, 2008). The
exploitation rate of haddock has been variableh) wipeak catch of 322,000 t occurring in
1973; catches in the last decade have been iatige rof 150,000 — 200,000 t (ICES, 2010).
Haddock is currently classified as “harvested snatdy”, although unreported discarding is

thought to be an issue (ICES, 2010). The main spaggrounds are located to the west and
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south of the Barents Sea, along the Norwegian sliglé (Solemdal et al., 1989), and mature
fish typically migrate from the central and eastareas of the Barents Sea. Spawning is
between March and June, with most fish spawnirigeaend of April (ICES, 2010). Age at
50% maturity in haddock has fluctuated since 198®does not show a consistent trend

(ICES, 2010).

Here we investigate whether Barents Sea haddock shimence of changing age and size at
maturation between 1981-2009. The stock has begdoited at a higher rate for several
decades prior to investigation (ICES, 2010). WeRISHRNSs to analyze temporal trends in
maturation tendency, where the reaction norm metlesdribes the probability that an
immature fish will mature during a given time interand at a certain size and age (Heino et
al., 2002b). Since the approach accounts for mdsteceffects of phenotypic plasticity in
growth, we investigate secondary factors, usualyimcluded in PMRN analyses, that might
explain any observed trends; these included tleetsfiof fishing mortality, environmental
factors from three areas of the Barents Sea (weteperature and salinity), the North
Atlantic Oscillation (NAO) index, and potential dgty dependence or species interaction
effects. We use both generalized linear modelsg@neéralized linear mixed models.
Generalized linear models are the method typiaatployed in PMRN analyses because of
their ease of use; however, generalized linear dnimedels naturally allow accounting for
correlations within the data, which can lead tamnect statistical conclusions if ignored
(Smith et al., 2009). We used mixed models to ipomate the knowledge that size, age, and
maturation status of fish sampled from the sam@st# a given year are likely highly
correlated and to investigate if ignoring such elation led to large differences in maturation

estimates and trends.

2. Methods
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Data were collected by the Institute of Marine Resle (Bergen, Norway) during the winter
Barents Sea research surveys (late January—earthiMa 1981-2009. Immature and
mature fish were identified based on the maturagiatus of their gonads. All fish of
maturation stage 1, without evidence of spawningegmn otoliths, were considered
immature. Newly matured fish (recruit spawner) agkat spawners were differentiated on
the basis of otolith patterns, or the number ofagpag zones apparent on the otolith; this is
similar to the procedure used for determining d®dllefsen, 1933) and halibut
(Hippoglossus hippoglossuBevold, 1938) recruit spawners. Fish were rethinghe
analysis if the otolith readability scores were@nes counted and measured with certainty)

or 2 (zones may be counted, but not measured).

Analyses were restricted to ages where first-tipgsing fish appeared in the data. Data
were restricted to cohorts 1983—-2003 and agesal@oth sexes on account of too few data
for recruit spawners from other cohorts and agggréximately 3,000 recruit spawner and

10,300 immature fish measurements were used iarthlyses (Table A.1).

The survey is thought to disproportionately tathetimmature fraction of the stock as mature
fish are beginning to migrate to spawning aredhiattime (Aglen et al., 2005). Therefore the
proportions of immature and maturing fish in thevey data may not reflect the true
proportions in the population. In this scenari® kngth at maturation estimate will be biased
high because the distribution is skewed towardsammne fish. To account for potential biases
in sampling, immature fish were down-weighted by tthtio of the proportion of maturing

fish estimated from the ICES maturity ogive for jbmt Russian-Norwegian winter survey
combined with the Russian autumn survey (ICES, 2@®¢hat estimated only from the

winter survey data. The ogives estimated from tmalined autumn and winter survey data



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

are believed to better represent the proportionsofature and mature fish. The proportion
of maturing fishm(a)was estimated from the maturity ogiv@) at agea anda-1 as:
ola)-ola-1
m(a) =28 =0la 1) (1)
1- o(a —1)
(Barot et al., 2004). If data from the Barents @e#er survey were representative of the

stock, then the ratio would equal one and no waighwould occur.

The amount of area surveyed was standardized 88111993, after which it was expanded
and the amount of coverage depended on ice edentjegian access to the Russian EEZ (or
vice versa), or Russian involvement in the sungeyérage of Russian waters by Russian
vessels; details in Aglen et al., 2005). To accdonthe changing survey area, the ratio of
area covered in a particular year to the maximwa aurveyed (all years; ICES, 2009) was

used to weight the proportions of maturing fishxiiaum area was from the 1995 survey.

The effects of weighting the data were testedserasitivity analysis by 1) ignoring the
potential unrepresentative sampling of juvenilatiee to mature fish, 2) ignoring the change
in areal extent of the survey, and 3) removing lfotims of weighting. Weighting terms that
accounted for these factors were removed sequigrftiain the final model and the effects on
model fits, residual deviance, the random inter¢eyph, and PMRN midpoints were
investigated. The sensitivity analysis was onlyfgrened on the generalized linear mixed

model.

2.1 Probabilistic maturation reaction norm method

The direct method of estimating PMRNs develope@H®sino et al., 2002b) was adapted for
use with generalized linear mixed models (GLMMs)GAMM with a binomial error

distribution and logit link function, a random intept term, data weights as defined above,
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and the Laplace approximation of likelihood weredi§Bates and Maechler, 2010). The
Laplace approximation allows the use of likelihdmased inference (Bolker et al., 2009),
which was necessary for determining model choideelihood ratio tests are adequate for
testing fixed effects (model selection) in GLMMseavhthe ratio of the total sample size to
the number of fixed-effect levels being testedargé (Pinheiro and Bates, 2000) and the
number of random-effect levels are large (Demide@k®4; Bolker et al., 2009). The full
mixed model with all possible interactions and rdi@m intercept was the base model. The
random intercept term was a unique station + yaamtifier; stations are pre-defined for the
bottom trawl survey in the Barents Sea (see Aglen. £2008) for details and station
placement). Haddock distribution appears to bedasesize and/or age and distributions are
relatively consistent over time (Aglen et al., 208@len et al., 2005; Aglen et al., 2008). The
random intercept term implies that the probabibtya fish becoming mature at a given station
in a given year is correlated with other fish af game size and age at that station and time,
and indicates that increasing the number of sanvaliaén a station provides less new
information than sample size would normally signifis correlation has been shown to be
positive for maturity ogives (Korsbrekke, 1999) ater parameters (Pennington and
Vglstad, 1994). Model fits, standard errors of pseter estimates, and residual plots were

also used to assess models.

PMRNs were also estimated with generalized lineadets (GLM) for comparison with
GLMM models. GLMs treat each fish as an independaniple and any correlations between
samples within a station are ignored,; this is hatadhre typically treated when estimating
probabilistic maturation reaction norms. Data wamnder-dispersed for GLM models, thus a
quasibinomial error distribution with logit link fiction was used. The quasi-AIC (QAIC) was
estimated aBeviancéDispersion+ (2 * (df + 1)) wheredf is the number of degrees of

freedom (Burnham and Anderson, 2002).
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For all models, length was included as a continw@uigble, while age and cohort were first
fit as factors and then as continuous variablese@nmodel using only length, age, cohort,
and interaction terms was chosen, other explan®otgrs were added. Likelihood ratio tests
were again used to compare models with additioxglb@atory terms. Models were also

assessed using standard errors of parameter essiarad residual plots.

2.2 Randomization tests and confidence intervals

Randomizations were used to investigate if the mfeskedifferences for sex, cohort, and age
in the maturation reaction norms were real (Baratl.e 2004). For example, the hypothesis
that males and females had different PMRNs waeddsy creating a new data set, where sex
values were randomly assigned to individuals wittach cohort and age. Within the new,
randomized datasets, the probability of maturing wadelled using GLMs, with a
quasibinomial error structure and logit link, andluded length as a continuous variable and
data weights (as defined above). The randomizgtiocedure was repeated 1000 times and
the likelihood ratio F statistic, testing the séfeet, was collected. The effect was considered
significant if less than 5% of the randomizatioed to a higher value of the test statistic than
that computed from the original data. A similarg@dure was also used to test whether
cohorts or ages had different reaction norms. GLavig, not GLMMs, were used because
while both models gave similar results, GLMs tookam less time to run (minutes per model

as opposed to days).

Confidence intervals for the length at 50% probgbdf maturing (Lpo) were also estimated
with bootstrapping and randomization approachessiwere randomly resampled within a
year to recreate a new data set from which reactom estimates were derived. This process
was repeated to obtain 1000 estimates of the cgantirm, and the distribution of the

endpoints was then used to derive the 95% confelertervals (Manly, 1991).
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2.3 Explanatory factors

Environmental data were extracted from databast#tedhstitute of Marine Research and
were chosen to represent habitat of haddock ldestand their food (Olsen et al., 2010).
Oceanographic data from the Fuglgya-Bear Islantséet (70°30' N, 20°30' E — 74°15' N,
19°10' E, 0—200 m) provided an estimate of tempegaand salinity from the influx of

Atlantic water and are considered representatite@fvestern Barents Sea (Stiansen et al.,
2005). Water temperature from the Vardg-North sec{81°13' E, 76°30" N — Vardg) was
used to represent the central part of the Barezdg(l8gvaldsen et al., 2006), while data from
the Kola transect (33°00' E, 77°30' N — 72°30' N2@ m) provided an indicator of thermal
and salinity conditions for the southern and easBarents Sea (Bochkov, 1982). The North
Atlantic Oscillation (NAO) winter index was usedaseasure of the strength of large-scale
atmospheric circulation (www.cgd.ucar.edu/cas/jalliindices.html). Positive anomalies
appear to be related to northward shifts of thef Gtrleam, more frequent and intense storms
in the vicinity of the Norwegian Sea (Hurrell andder, 2009), and greater inflow of warmer
water into the Barents Sea (Hurrell and Dickso®40The total estimated biomass of cod,
haddock, capelin and ratio of capelin to cod bisnasre used to represent potential species
interactions. Capelin and cod were included becaapelin is the primary fish prey of
haddock, while cod are known to include a propartibsmall haddock in their diet,
especially in years of low capelin biomass (Stiansteal., 2005; Olsen et al., 2010). The ratio
of capelin to cod biomass was used as an indicdtioigher predation upon haddock. The
direct effect of fishing on reaction norms waseesy including fishing mortality (F, yea
which was a proxy for the strength of selectionasgd by the fishery. Haddock are regulated
by a TAC, minimum bottom trawl mesh size of 135 f#®5 mm in the Russian EEZ),
sorting grids since 1997, and a minimum size lwh#4 cm (39 cm in the Russian EEZ;

ICES, 2010). Trawls with a mesh range of 135-140mare a 50% retention of haddock of

10
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47-53 cm average length and have a selection rargehe length range over which
retention increases from 25% to 75%, of 38—66 cail{ttay et al., 1999; Huse et al., 2000).
Because regulations have remained fairly static thestime period of the study, we assumed

that size selection should have been similar frear yo year.

The “decision” to mature occurs long before thecpss of spawning begins (Wright, 2007).
The maturation process has been suggested to patketiree years for North Sea plaice
(Rijnsdorp, 1993b; Grift et al., 2003) and one yamNorth Sea haddock (Tobin et al., 2010).
Because the length of time between “deciding” taureaand spawning is unknown for
Barents Sea haddock, the effect of explanatoryalsbes one and two years before first
spawning was tested. For fishing mortality, theetffiseven years before first spawning was
also included (lag = 7); this is the generatioretifor Barents Sea haddock, approximated
using the method of (Froese and Binohlan, 2000)data from ICES (2010). All explanatory
factors were standardized to a mean of zero atahaard deviation of one, thereby creating
unit-less indices, rescaled around zero (Fig. bjr&lations between explanatory factors were

tested to ensure highly correlated factors weranabtided in the same model.

3. Reaults

3.1 Length-at-age

Average size of immature and recruit-spawning hakdiacreased with age (Fig. 2). Recruit
spawners were, on average, 4 cm larger than immésir of the same age. Age 4 fish
showed the largest size differences between immatud mature fish. All ages generally
indicated a stable average size, but showed a shagase for cohorts in the mid- to late
1980s, and a decrease in size in the early to 88@4. For cohorts from the 1980s, difference

in size between immature and recruit spawningwiah less (e.g., age 4, both sexes) or

11
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immature fish were larger than recruit spawnerg.(@ge 6 males), which indicated sampling

may not have been representative of the population.

3.2 Maturation reaction norm

The sample sizes of recruit spawners were too éomse the full model, which includede
year, cohort and all the interaction terms (i.agex cohort + lengthx age + lengthx cohort
+ lengthx agex cohory. GLM and GLMM models that best described the pbdakig of

maturing for haddock were the same for fish of eseh

Males: logi{maturatior) Oc, + ¢ length+ c,age+ c,cohort+ ¢, (agex cohort), and
Females: logffmaturation) ¢, + ¢length+ c,age+ c,cohort+ ¢, (lengthx age),

where length and age were fit as continuous vagland cohort was included as a factor
(i.e., a classifying variable). Including thge x cohortinteraction was needed to detect age-
dependent temporal changes in the probability ofdomature, while théength x age
interaction in the female model allowed the widtlh® reaction norm to become age-
dependent and detected length-dependent chantes pnobability of maturing. Although
randomization tests showed that no significaneddhces between ages existed, adding age
to the models improved the fit of the model and wasessary to allow for commonly

observed differences between age-classes.

The environmental terms that best described tremtte probability of maturing differed
between sexes. The Vardg-North section temperatdex two years before the maturation
event explained the variation in males (GLMM and\VGiesults), while water temperature
from the Fuglgya-Bear Island section one year afidig/ from the Kola section two years
before the maturation event explained the variatidnends in females (GLMM results;

Table 1). Water temperature had a positive effaagnaturation whereas salinity had a

12



285 negative one (Table 1). The Kola section salinityyanodel appeared to be the better GLM
286 model for females (Table 1) and the plotteddgstimates did not differ greatly from the two-
287 environmental term model (except for a few cohortage 5 and age 6; Fig. 3), indicating
288 that a more complex model may not be necessaryolion, species interactions, and

289 density dependence did not explain the variatioestmmates for either sex. The trend ind_p
290 estimates for both GLMM and GLM models were relalyvsimilar, but GLM estimates were
291 generally 1-3 cm smaller than GLMM estimates. lmeotvords, not accounting for the

292  similarity of fish within the same trawl haul medhat Lpo was underestimated by as much

293 as 8% for males and 4% for females.

294 Females matured at a larger size for a given aaertiales. Females were, on average, 7.8 cm
295 larger than males when they attained 50% probglmfitnaturing at age 4, 10.3 cm larger at
296 age 5, and 14.5 cm larger at age 6 when comparidgaints from the GLMM approach. The
297 size difference between the sexes at maturatiorsiigisly greater when comparing the

298 midpoints from the GLM approach: 10 cm for age #91cm for age 5, and 16.4 cm for age

299 6.

300 Estimates of reaction norm midpoints for males famolales show a similar pattern;dgp

301 estimates were smaller for cohorts before 1985. @igAfter 1985, PMRN midpoints

302 appeared to oscillate slightly, with lower valueghe mid-1990s. A large amount of

303 uncertainty was apparent. The 1987 and 1994 mélertowere poorly estimated as a result
304 of the low number of recruit spawners sampled (@#bll). For both sexes at age 6, the

305 models fit poorly for those cohorts where the sitenmature fish was equal to or greater
306 than the size of maturing fish. This could indicdiat the sampling was not representative of

307 the population’s true size structure. Result fret@sts indicated that the slightly increasing

13



308 trend in Lpo estimates for both sexes and all ages was nafisagtly different from zero (p

309 >0.12 for all cases; Table A.2).

310 3.3 Sensitivity tests

311 Removing the down-weighting of immature fish (t@@ant for potential oversampling of

312 immature fish) and the weighting by survey areaatocount for changes in the survey)

313 resulted in poorer model fits, less residual desgaexplained, and higher variances

314 associated with the random intercept term (Tahl&ibdels without weights were

315 exceptionally poor fits for both males and femaled removal of weighting affected which
316 explanatory terms improved the fit of the model &xample, removing all weighting from
317 the female model resulted in no explanatory terigrsificantly improving the model.

318 Accounting for differences in the amount of areeveyed each year appeared to be more
319 important than compensating for the undersamplingaturing fish. However, both

320 weighting terms were needed in the model, as se#reihigher remaining residual deviance
321 and random intercept term variance (Table 1). Adigariance in the random intercept term
322 indicated that the logistic curve estimated forhestation had a vastly different intercept than

323 the final weighted model.

324 Maturation reaction norm midpoints were lower aiecounting for potential sampling

325 issues. Ignoring that immature fish were most jik@terrepresented in the trawl hauls

326 resulted in midpoints 3-5 cm larger, which was 3461arger than midpoints from the model
327 including all forms of weighting. Removing the wieiing by survey area increased PMRN
328 midpoints by 1-4 cm (2-8%), while using no modeighits resulted in maturation midpoints

329 8-21% larger for fish of a given age.

330 4. Discussion

14
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We demonstrate that maturation tendencies of Bau®ed haddock vary sexually (i.e.,
females tend to mature at larger sizes for a gagenthan males), but show no specific trend
over the past three decades. Maturation tenden@yriagble and appears to reflect, at a
temporal lag, patterns in length at age. Increéesagth at first spawning has been reported in
haddock following reduced growth and therefore $enaize at age, usually as a result of
high abundance related to periodic strong recruitmpelses (Templeman et al., 1978;
Kovtsova, 1993; Korsbrekke, 1999; Korsbrekke, 2008)s may be an indication that, while
capturing most of the plastic effects of juvenitewgth rate variations from the description of
the maturation schedule (Dieckmann and Heino, 20@)all effects of growth variability on

maturation were removed by the PMRNSs.

The probabilistic maturation reaction norm approlal suggested evolution in maturation
for numerous fish stocks (reviewed in Jgrgense. €2007; Heino and Dieckmann, 2008;
Sharpe and Hendry, 2009). The majority of thesdistuhave used only age and size to
describe the maturation tendency. Here, we haveded information on fishing mortality,
environmental factors, and inter- and intraspeiciegactions within the PMRN model to
determine whether this information strengthensetti@danatory power of these models.
Important factors for determining maturation in dack (beyond body length) were western
Barents Sea temperature lagged one year (femetedjal Barents Sea temperature lagged
two years (males) and south/eastern Barents Se#yskgged two years (females). Water
temperature for the two regions was significantdyrelated (r = 0.54, p < 0.001) and trends
were similar (Fig. 1a), which may explain why drffat factors were important for males and
females. When we tested the effect of swapping ézatpre factors for males and females,
western Barents Sea water temperature lagged @amnewas highly significant for males (p <
0.001) and central Barents sea temperature laggegidars was significantly related to

trends in females (p = 0.01), but model fits wes#dy in the final chosen models for each
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sex. Temperature has been increasing in the Baseriswith some variability, throughout
the period of interest; trends in salinity are &mio trends in temperature. Increased water
temperature can be due to overall higher water éeatpres or because there is an increased
inflow of Atlantic water (Loeng et al., 1997), wieas increased salinity may be the result of
greater ice formation and subsequent brine relgad®auer et al., 2002) or increased inflow
of Atlantic water (Stiansen et al., 2005). Atlantiater volume flux has nearly doubled in the
past decade and warmer, more saline water hasdsfumtlaer eastward in the Barents Sea
(ICES, 2008). Increased inflow often results inr@&sed nutrients and subsequent increased
abundance of planktonic organisms (Ottersen anus8tle, 2001; Stiansen et al., 2005).
Changes in Atlantic inflow may also be reflectedimrent velocities and effect the transport
of larvae and zooplankton (Loeng et al., 1997).s&jter and Loeng (1987) postulated that
current velocities and resultant transport playedl@in large variations in growth of capelin

when water temperatures within the region did oy \annually.

Neither density dependent nor species interacfil@ete considered here accounted for
significant variability in the PMRN estimates. Eronmental conditions have been shown to
override density dependent effects for species theanorthern limit of their range (Ottersen
and Loeng, 2000). This is in contrast to what Haahal. (2002c) found for Northeast Arctic
cod, where maturation in cod was influenced by ifgggdonditions (the amount of available
prey and high intraspecific competition for tha¢yy, and the findings of Korsbrekke (1999),
who suggested that maturation in haddock was inflee by density dependence. The effect
of fishing mortality on haddock maturation prob#lak was explicitly tested within the
reaction norms and was found not to contributentyishing mortality as a proxy for
selection pressure is not as robust as using actiedt describes the size-selectivity of the
fishery. In years of high harvest rates, harvasisréor younger age classes were higher,

indicating age selectivity may exist in the fishefe relationship between haddock
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maturation and selection pressure warrants fuittivestigation and is the next logical step,
especially since exploitation was higher in the¢éhdecades prior to this study. However, we
must reiterate that there is no temporal trendiwitine maturation reaction norm midpoints in

the past twenty years, indicating that there il#volution occurring.

The motivation for using generalized linear mixedd®ls, instead of the simpler generalized
linear models, is that the former allow a naturaijwo account for within-sample correlations
(Smith et al., 2009). Intra-sample correlationslleaeffective sample sizes being lower than
the nominal ones, and ignoring this can lead tonmct statistical inference. In our study,
however, the results from both approaches did ifigrdn any essential way: the temporal
patterns were similar and the underlying trend m@ssignificantly different from zero. The
GLMM approach, however, did give consistently hige®RN midpoint estimates than the
GLM approach. Thus, PMRNs that do not account éoretdations within the data or nested

design may bias maturation reaction norm midpoints.

Sampling of haddock in the Barents Sea may noepeesentative of the population. Large
concentrations of mature haddock have been obsévwaften display pelagic behaviour
during the winter survey (Aglen et al., 2005), whigould result in more immature fish being
captured. Mature fish also are often found higtheawater column at night (Olsen et al.,
2010), which is long in the Barents Sea at the tifriae survey. Since the survey operates
over 24-hours, it is possible that there are soatehability issues between day and night
sampling. Immature fish may be overrepresentetarcatches also because mature haddock
begin migrating to the spawning grounds at the e survey, although it has been noted
that these are mainly the older, mature fish (agdGES, 2010) and not the ages used in this
analysis. Sampling of maturing individuals for aeg age class was relatively consistent,

albeit low, in the analysis. The reaction norm roetfs considered insensitive to variability in
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sampling intensity or gear size selectivity as lasghe maturity proportions remain
unchanged (Heino et al., 2002a; Wang et al., 2088En the behavioural changes of
haddock with maturation and the movement of fistheospawning ground around the time of
sampling, it is possible that the maturity propmrd were affected. We attempted to correct
for this by applying a weighting factor to the nuenbof immature fish based on the predicted

probability of maturing estimated from maturity ogs.

The changes in length at age of haddock in respnsevironmental conditions in this study
are similar to that of Korsbrekke (1999, 2003), wéstricted his analysis to the central
region of the Barents Sea, an area consistentlgredvby the Norwegian Barents Sea
groundfish survey in all years. We choose to usavalilable data and weight by the
proportion of maximum survey area covered to dowghteyears of less coverage. Growth
changes presented here were also similar to tiargtewth data from the Lofoten survey
(Korsbrekke, 2003), which surveys mainly the mapogion of the stock. This provides

some evidence that the winter survey sampling neaye inconsistent with stock dynamics.

Most studies investigating long-term trends in mation reaction norms have revealed
changes that are suggestive of fisheries-inducetligen (summarized in Heino and
Dieckmann, 2008). Furthermore, other haddock stbeke shown changes suggestive of
fisheries-induced evolution (Neuheimer and Tag@d1,0). That Barents Sea haddock is an
exception to this pattern was unexpected. The ¢hekclear trend might be because
consistent maturation changes did not take plageglthe study period, the trait change is in
a period of stasis or reversal, or that changesroed, but we were unable to detect them. We
did not have any a priori reasons to expect no ratun evolution in haddock. A possible
explanation is that although no significant treneératime was detected in maturation reaction

norms of Barents Sea haddock, strong selectionhaag been present earlier: fishing
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mortality in the 1950s was approximately doubld tifaecent years and has steadily declined
(see Fig. 1e). In the thirty years prior to sanmgpliadaptation to fishing pressure may have
occurred; such rapid adaptation to anthropogersittidhances, over the time span of a few
generations of the organism, has been increasieglyrted (Kinnison and Hendry, 2001;
Hendry et al., 2008; Darimont et al., 2009). Adéiptato past exploitation could have led to a
situation in which selection during the study pdneas absent or too weak to cause
significant evolutionary change. Variation and maés in evolutionary trajectories is
common in many contemporary evolution and paleogiohl studies (Hendry and Kinnison,
1999), and recent experimental work by Conovet.€¢2809) suggests that harvested
populations possess the ability to recover fromfigteeries-induced evolution. The last
scenario, that we were unable to detect a charageathually took place, could also apply
because several challenges in estimating représenpmpulation parameters for this stock
existed — primarily as a result of behavioural gem(and resultant gear selectivity issues)
and emigration from the study area. Nevertheless;anclude that the most parsimonious
interpretation of our results from the Barents Baddock is that maturation in this population

has not evolved during the study period.

5. Conclusions

Changes in maturation of Barents Sea haddock weestigated and multiple potential
drivers examined included exploitation, water terapge, salinity, the North Atlantic
Oscillation, species interactions, and density ddpat effects. No significant temporal trends
in maturation exist for the 1983-2003 cohorts, awedcould not find evidence for

exploitation driving changes in maturation. Insteadter temperature and salinity appeared
to be the most important variables tested thataexed the variation in maturation for both

sexes, on top of the effects of age and lengthsiBlesreasons for the lack of trend suggestive
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of fisheries-induced evolution may be that we wearable to detect a change given the
challenges in estimating sampling parameters atiaptation to higher exploitation in the
past resulted in negligible evolutionary selectiloming the study period when exploitation

has been more moderate, or that change in thediait period of stasis or reversal.
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Legends

Tablel

Results of GLMM and GLM models and sensitivity $e&6LMM models only) for the direct
PMRN method. The p-value is from the likelihoodaodest between the no environmental
term model and the model including the environmldetan, and coefficient expl. 1 and expl.
2 refer to the coefficients for the environmenéaihts. Model term abbreviations are: L =
length, A = age, C = cohort, A:C is the agexcolndgraction, L:A = lengthxage interaction
term, VNT.2 = Vardg North water temperature laggegtars, FBT.1 = Fuglgya-Bear Island
water temperature lagged 1 year, and KS.2 is sahm@m the Kola transect lagged 2 years.
Fig. 1

Standardized plots of explanatory variables usdberanalysis: (a) water temperature from
the Kola transect, Fuglgya-Bear Island (FB) trapssew Vardg-North section (VN); (b)
salinity from the Kola and Fuglgya-Bear Island (EB)nsect; (c) NAO index; (d) biomass of
cod, capelin and haddock; and (e) capelin:cod bésmatio, and haddock fishing mortality
averaged for ages 3-7 and 3-11.

Fig. 2

Mean length and standard deviation of male and liemaddock by age and cohort. Black
circles represent mature fish, open (grey) cirakesimmature fish.

Fig. 3

Temporal trend in the reaction norm for size anel @gmaturation midpoints for male and
female haddock. Black circles represent GLMM matimates, grey circles are GLM
estimates (open grey circles are the one-term Glddet). Vertical bars are the bootstrapped

95% confidence intervals of the estimates.
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Table 1

Table 1

Random Coefficient ~ Coefficient
Model AIC/ QAIC  Deviance effects: 6>  p-value Expl. 1 Expl. 2
Males
(1) L+A+C+AC GLMM 3398 3310 3.29
(2) L+A+C+A:C+VNT.2 GLMM 3390 3300 3.21 <0.001 1.18
(1) L+A+C+AC GLM 7079 3553 -
(2) L+A+C+A:C+VNT.2 GLM 6966 3534 - <0.001 1.06
Model (2) without down-weighting GLMM 3998 3908 9.56 1.36
Model (2) without survey area weighting GLMM 4117 4027 12.47 1.47
Model (2) without any weighting GLMM 4777 4687 29.20 2.00
Females
B)L+A+C+LA GLMM 2782 2732 331
(4L+A+C+LA+FBT.1 GLMM 2773 2721 3.22 <0.001 0.84
BG)L+A+C+LA+KS2 GLMM 2768 2716 3.33 <0.001 -0.67
(6)L+A+C+LA+FBT.1+KS.2 GLMM 2758 2704 3.25 <0.001 0.86 -0.68
B)L+A+C+LA GLM 5402 2945 -
4HL+A+C+LA+FBT.1 GLM 5505 2928 - <0.001 0.67
B)L+A+C+LA+KS.2 GLM 5266 2926 - <0.001 -0.46
6)L+A+C+LA+FBT.1+KS.2 GLM 5333 2909 - <0.001 0.68 -0.47
Model (6) without down-weighting GLMM 3238 3184 7.92 0.97 -0.85
Model (6) without survey area weighting GLMM 3436 3382 11.34 0.92 -0.92
Model (6) without any weighting GLMM 4004 3950 23.46 1.00 -1.16
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