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Abstract :  
 
Fisheries ecologists traditionally aimed at disentangling climate and fishing effects from the population 
dynamics of exploited marine fish stocks. However, recent studies have shown that internal 
characteristics and external forcing (climate and exploitation) have interactive rather than additive 
effects. Thought most of these studies explored how demographic truncation induced by exploitation 
affected the response of recruitment to climate, identifying a general pattern revealed to be difficult as 
interactions are often case-specific. Here we compared five exploited stocks of European hake 
Merluccius merluccius from the Atlantic Ocean and Mediterranean Sea to investigate how the 
interaction between internal characteristics and external forces affect the variability of the population 
growth rate and their consequences on recruitment. Our results show that demographic truncation 
induces a novel population scenario in which the growth rate is maximized when the reproductive 
stock is younger and less diverse. This scenario is shaped by the climate variability and the fishing 
pattern. The population growth rate becomes more dependent on the maturation schedule and less on 
the survival rates. The consequences for the recruitment dynamics are twofold; the effect of density-
dependent regulatory processes decreases while the effect of the density-independent drivers 
increases. Our study shows that the interaction between internal characteristics and external forces 
changes across geographic locations according to 1) the importance of demographic truncation, 2) the 
influence of the climate on the regional hydrography and 3) the spatiotemporal heterogeneity of the 
physical environment to which fish life history is adapted. 
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Introduction 43 

Human activities in the worldwide seas affect the maintenance of marine diversity and 44 

undermine the long-term sustainability of marine ecosystems. This loss of diversity also 45 

modifies the communities’ structure and the demography within single populations. 46 

Heterogeneous communities, characterized by high population and life history diversity, 47 

produce more temporal stability because of the independent but complementary dynamics 48 

among species (Hilborn et al. 2003). From a single population perspective, a diverse age 49 

structure provides biological and ecological advantages to cope with a variable environment, 50 

stabilizing population dynamics and fluctuations (Hsieh et al. 2010). Fishing typically 51 

harvests larger individuals, eroding the size/age structure and displaying a demographic 52 

structure dominated by fewer and younger age classes. This demographic truncation (DT) is 53 

often referred to as the age truncation effect and has already been documented for numerous 54 

stocks (Anderson et al. 2008, Ottersen 2008 and review in Hsieh et al. 2010). 55 

Growing research is investigating the biological, ecological and evolutionary 56 

consequences of DT. Larger and older individuals have higher fecundity (number of eggs 57 

released), better quality eggs that increase the offspring survival (i.e., ‘maternal effect’, 58 

Berkeley et al. 2004a), and more variable strategies to colonize different spatial locations and 59 

time for reproduction (Berkeley et al. 2004b). However, for a truncated population, fewer 60 

older individuals allocate their reproductive effort to a large spatial and temporal range of 61 

conditions, which reduces the probability of ensuring reproductive success in unfavorable 62 

and/or heterogeneous environmental conditions. Additionally, a fish population can be seen as 63 

a filter of the environmental stochasticity and can generate long-term fluctuations in 64 

population size through the echoing of stochastic variations of the new incoming cohorts over 65 

age classes by inter-cohort interactions (i.e., ‘cohort resonance effect’, Bjørnstad et al. 2004). 66 

The modification of the demographic structure may therefore result in the alteration of the 67 
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cohort resonant effect, which has recently been put forward to explain changes in the response 68 

of fish stocks to the environment (Hidalgo et al. 2011, Rouyer et al. 2011). Finally, if the age-69 

specific selectivity of exploitation remains stable over time, life history strategies may shift 70 

through plastic and/or adaptive phenotypic responses such as maturation schedules (Law 71 

2000, Jørgensen et al. 2007). 72 

Several recent studies have suggested that DT might have consequences for 73 

recruitment (e.g., number of recruits, sensitivity to environment or recruitment variability), 74 

with direct implications on the population variability (Hsieh et al. 2006, Ottersen et al. 2006, 75 

Anderson et al. 2008). However, in a recent meta-analysis Brunel (2010) did not find any 76 

evidence for such a process to be general. This result suggests that the interaction between 77 

demographic structure, fishing and climate may be highly context- and species-dependent 78 

(Perry et al. 2010, Planque et al. 2010). In order to investigate how potential geographical 79 

differences in this interaction affect the population dynamics, we studied the temporal 80 

variation of population growth rate of five different stocks of the same species from different 81 

locations.  82 

Leslie matrices (Leslie 1945) were used to represent the population dynamics of these 83 

stocks because they provide a common basis for comparison. The different vital rates 84 

(survival, fecundity and recruitment success) that compose the matrix can be independently 85 

affected by both climate and exploitation (Durant et al. 2008).  However, vital rates interact 86 

among each other displaying trade-offs between fecundity and survival (Roff and Fairbairn 87 

2007) or between fecundity and recruitment success (Aubry et al. 2009). This makes it 88 

difficult to disentangle whether climate and fishing affect a single vital rate or the interaction 89 

among rates. In order to simplify this issue, we first investigated the combined effects of 90 

fishing and climate on partial demographic matrices (Oli et al. 2003) composed of survival 91 

and maturity rates (i.e, independent of the recruitment success). Secondly, we studied the 92 
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consequences of these interplays on the recruitment dynamics. We hypothesize that 93 

geographical variation in the potential of a population to grow as a function of maturity and 94 

survival is shaped by the interaction of climate and fishing, which can affect the density-95 

dependent and -independent regulation of the recruitment dynamics. To test this hypothesis 96 

we focus on five stocks of European hake (Merluccius merluccius L.).  97 

European hake is an overexploited groundfish species inhabiting the North Atlantic 98 

European coast and the whole Mediterranean Sea (inset in Fig. 1) with a long history of 99 

exploitation elsewhere (Murua 2010). The studied stock units cover different geographic areas 100 

that represent a broad range of environmental conditions to which the species displays 101 

adapted traits (see Study systems). Obvious large scale differences in environmental 102 

conditions separate the Atlantic and the Mediterranean systems. At regional scales, 103 

environmental heterogeneity is particularly relevant in the Mediterranean as the general 104 

oligotrophic conditions in this basin make fish life history adapted to the most favorable 105 

hydro-climatic characteristics at smaller geographical (Recasens et al. 2008, Hidalgo et al. 106 

2009) and temporal scales (Hidalgo et al 2011). The Mediterranean and the Atlantic stocks 107 

also display different exploitation patterns. While Mediterranean fisheries are characterized 108 

by a high exploitation rate of young individuals (i.e., juveniles’ fishery, Lleonart and Maynou 109 

2003), Atlantic fisheries display a comparatively more even exploitation of immature and 110 

mature individuals (Fernández et al. 2010). The five studied stocks thus represent contrasting 111 

systems well suited for a comparative study.  112 

The objective of this study is twofold. Firstly, we aim at investigating the geographic 113 

differences in the interaction between internal population processes and external forcing 114 

(climate and exploitation), by studying its effect on the variability of the population growth. 115 

Secondly, we explore how the complexity of these interacting processes affects recruitment 116 

dynamics in each geographical area. 117 
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Methods  118 

Study systems  119 

We considered five geographical (management) areas for which age-structured information 120 

on hake was available. We used two Atlantic stocks, the Northern Atlantic (NA) and the 121 

Southern Atlantic (SA) stocks and three Mediterranean stocks, Balearic Islands (BI), Gulf of 122 

Lions (GL) and Tyrrhenian Sea (TS) (Fig. 1). The main hydrographical features differ in each 123 

area. NA is considered a homogeneous environment whose hydrography depends on the 124 

water masses and circulation of the Bay of Biscay, which are affected by the regional climatic 125 

conditions such as rainfall and storms (Pingree et al. 1993). In contrast, environmental 126 

conditions are more heterogeneous in SA which integrates two contrasted hydrographic 127 

regions: the Atlantic dominated by wind driven oceanographic processes and summer coastal 128 

upwelling (Álvarez et al. 2010) and the Cantabric, which depends on the variability of the 129 

central (i.e., intermediate in the water column) water masses and on mesoscale structures 130 

(Llope et al. 2006). In the Mediterranean, winter processes such as the vertical mixing and the 131 

amount of intermediate waters formed by deep convection dominate the hydrography in the 132 

NW Mediterranean (Lloret et al. 2001), while spring processes such as cyclonic and 133 

anticyclonic gyres generated by the wind also favor productivity in the TS (Artale et al. 134 

1994). 135 

 136 

The data 137 

We gathered time- and age-specific estimates of stock abundance and spawning stock 138 

biomass from five hake assessment groups from the Atlantic Ocean (International Council for 139 

the Exploration of the Sea, ICES 2009) and the Mediterranean Sea (General Fisheries 140 

Commission for the Mediterranean, FAO-GFCM 2009). All the assessment groups used a 141 
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similar approach based on a virtual population analysis (Hilborn and Walters 1992). A time 142 

series of fishing mortality (F) was obtained for each stock by averaging over the most 143 

harvested age classes (based on stock-specific reports, FAO-GFCM 2009, ICES 2009): F2-6 144 

for NA, F2-5 for SA and GL, and F2-4 for BI and TS. All the assessments groups use monthly-145 

based information to calculate yearly abundances except TS, which is based on seasonal 146 

scientific trawl surveys performed in summer (FAO-GFCM 2009). Time series of 147 

recruitment, spawning stock biomass and fishing mortality are displayed in the 148 

Supplementary material Appendix 1 (Fig. A1). 149 

In order to describe the demographic characteristics of each stock, three variables were 150 

defined. The mean length (LSSB) and mean age (ASSB) of the spawners were calculated as the 151 

weighted average of length and age, respectively, in the spawners' abundance. Age diversity 152 

was calculated using the Shannon diversity index (HSSB, Shannon 1948) to summarize the 153 

homogeneity of age classes in the spawning stock. HSSB is independent of stock size and 154 

describes both the number of age classes in the spawning stock and the diversity of the 155 

distribution of fish among cohorts (Marteinsdottir and Thorarinsson 1998). HSSB is calculated 156 

as follows: , where n is the number of age classes, and pi is the proportion 157 

of age class i in the total spawning abundance. 158 

We used both global climate indices and regional hydro-climatic variables as 159 

environmental information (Supplementary material Appendix 1, Fig. A2). The North 160 

Atlantic Oscillation (NAO) index, which is described as an out-of-phase behaviour between 161 

the climatological low pressure centre near Iceland and the high-pressure centre near the 162 

Azores, was used as a proxy of the North Atlantic climate (Hurrell 1995). NAO is often found 163 

to account for ecological processes better than local weather variables because it reduces 164 

complex space and time variability into simple measures (Stenseth et al. 2003). We used the 165 
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winter average (December-March) of the NAO index because its influence in the Atlantic is 166 

higher during winter when the coupled ocean–atmosphere system is more active (Hurrell 167 

1995). A mesoscale (regional) hydro-climatic index based on the air-sea heat fluxes in the 168 

Gulf of Lions during winter months (IDEA index hereafter) was used as a proxy of the 169 

strength of the southward current and vertical mixing activity in the NW Mediterranean 170 

(Monserrat et al. 2008). Lower values of the IDEA index indicate a larger formation of 171 

Western Mediterranean Intermediate Waters in winter at intermediate layers (100-300 m) in 172 

the Gulf of Lions; this implies a larger presence of these water masses in the NW 173 

Mediterranean platform during spring, which increases the productivity (Massutí et al. 2008).  174 

Sea surface temperature (SST) obtained from the Climate Diagnostics Center 175 

(NCEP/NCAR) reanalysis fields (Kalney et al. 1996) on a 1x1-degree grid was also used as a 176 

proxy of regional hydro-climatic conditions. Winter (December to February) and spring 177 

(March to May) averages were calculated for each stock over each study area (e.g., Lloret et 178 

al. 2001, Bartolino et al. 2008, Fernandes et al. 2010). 179 

 180 

Modeling approach 181 

We investigated the potential effects of climate, fishing and demographic characteristics of 182 

the spawning stock on time series of the population growth rate using generalized additive 183 

models (GAM, Hastie and Tibshirani 1990). Population growth rates were calculated using 184 

the Leslie matrix approach, which is an age-structured model that relies on estimates of 185 

demographic rates to project population dynamics (Caswell 2001). The fundamental 186 

relationship is given by Nt+1=AtNt, where Nt is a vector representing the number of 187 

individuals for each age class at time t, and At is a transition (Leslie) matrix that summarizes 188 

the dynamics of the populations between time t and time t+1 (Leslie 1945, Caswell 2001). At 189 
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summarizes the vital rates and the logarithm of its dominant eigenvalue (λ) provides the 190 

population growth rate, r. For a given year, the transition matrix (At) is defined as follows: 191 

€ 

At =

RS0,t RS1,t RS2,t ... RSi max,t

S1−0,t 0 0 ... 0
0 S2−1,t 0 ... 0
... ... ... ... ...
0 0 0 Si max− i max−1( ),t Si max− i max−1( ),t

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 

     (1) 192 

with Si-(i-1),t the survival between age-class i at year t and age-class i-1 at year t-1, assuming 193 

that individuals of the oldest age classes within the tail of the length distributions displayed 194 

the same survival Simax-(imax-1) at year t. RSi,t is the recruitment success of the year-class i at 195 

year t defined as follows: 196 

        (2) 197 

where Mati,t-1 is the maturity rate at age a and at time t-1, Ni,t-1 the abundance at age-class i 198 

and at time t-1 and Rt the recruitment at time t. Therefore, RSi,t represents the interaction 199 

between the ratio Rt/Nspawners, t-1 (recruitment / total abundance of spawners), which is age-200 

specific independent, and the maturity rates. Since in the present study we specifically aimed 201 

at investigating the effects of climate, fishing and the spawning properties on a partial 202 

demography dependent on age-specific rates (survival and the maturity), we assume the ratio 203 

Rt/Nspawners, t-1 was constant over time. That is, we explored the impact of the aforementioned 204 

effects on the capability of a population to grow independently of the recruitment (i.e., new 205 

incomers) variability. Similar approaches, so called ‘partial life cycle analyses’ are often used 206 

when part of the age-specific estimates are lacking (e.g., Oli and Zinner 2001, Oli et al. 2003, 207 

Dillingham 2010). For fisheries sciences, Jensen (1974) proposed alternative modifications of 208 

matrix models such as the fecundity-based or the recruitment-based matrix models.  209 
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Here, At was built depending only on survival and maturity rates, and our growth 210 

estimates were called the recruitment-independent growth rate (rRI). We constructed one 211 

transition matrix per year and estimated a time series of rRI for each population. To investigate 212 

the relative contribution of each demographic rate (survival and maturity) to the variability of 213 

rRI, we computed the elasticity (eij) of rRI to each survival and maturity rate as eij = 214 

[∂λ/∂aij][aij/λ] (Caswell 2001), where aij was an element of the matrix At, λ the dominant 215 

eigenvalue of the matrix, and [∂λ/∂aij] the sensitivity of λ to changes in a matrix element aij 216 

estimated as: 217 

          (3) 218 

where v and w are the left and right eigenvectors, respectively, corresponding to the dominant 219 

eigenvalue of the matrix At.  220 

To asses how internal characteristics and external forces and their interactions 221 

contributed to the recruitment-independent growth rate (rRI) variability, we used generalized 222 

additive models (GAMs). We used three types of covariates describing: the environmental 223 

conditions (E: climate indices or sea surface temperature), the demographic properties of the 224 

spawners (SP: mean age, mean length or age-structure diversity index of the spawning stock) 225 

and the fishing mortality (F). Two types of GAM formulations were used: (i) additive, 226 

assuming that the effect of the covariates was stationary over the years and independent of the 227 

other covariate effects, and (ii) threshold (non-additive), to test the hypothesis of interaction 228 

among the covariate effects. The two formulations were then compared using a measure of 229 

prediction error. The additive formulation used was: 230 

      (4)  231 
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where rRI
t is the recruitment-independent population growth rate in year t, βt is the intercept, f, 232 

g and h are one dimensional non parametric smoothing functions (cubic splines with 233 

maximally 3 degrees of freedom [4 knots, points where the cubic polynomials of the cubic 234 

spline meet], Wood 2004) for the effect of the environment (E), exploitation (F) and the 235 

population properties (SP), respectively. ε denotes a Gaussian error term. 236 

To test the hypothesis of combined effects of E, F and SP on the response of rRI, we 237 

fitted a threshold GAM (TGAMs, Ciannelli et al. 2004) to the data. TGAM is a semi-238 

parametric regression where the shape of a smoothing function can change according to 239 

whether an external covariate is below or above an estimated threshold value. The change in 240 

the form of the smoothing function may occur in one or several terms of the TGAM (in our 241 

model from f1 to f2, from g1 to g2 and from h1 to h2): 242 

    (5)  243 

with z the threshold of one of the smoothing functions of the covariates (E, F or SP) or a 244 

combination of them, which can switch in the model, while the additive effects of the other 245 

two covariates remain unaltered. Potential changes in the intercept (from β1 to β2) were also 246 

accounted for. Though TGAM allows for threshold effects in more than one covariate to be 247 

tested simultaneously, the thresholds were introduced for one covariate at a time because of 248 

the limitation of the length of observations. C is a vector containing all the covariates 249 

analysed (E, F or SP) and α being a row vector of coefficients. The threshold value z can be 250 

uni- or bi-dimensional, that is, z can be estimated from a unique covariate or from a 251 

combination of two of them. For uni-dimensional thresholds, α equals one. Threshold 252 

estimation (z and α values) is based on the minimization of the Generalized Cross Validation 253 

(GCV) − a proxy for the model’s out-of-sample predictive performance analogous to the 254 

Akaike’s Information Criterion (AIC). Further details of the threshold estimation procedure 255 
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can be obtained in Ciannelli et al. (2004). Note that two out of the three Mediterranean stocks, 256 

Gulf of Lions and Tyrrhenian Sea, were not analysed for threshold (i.e., non-additive) effects 257 

due to the shortness of the available time series. Results for these stocks were used to discuss 258 

the geographic changes in the relative importance of covariates. 259 

Similar formulations were applied on the longest recruitment (log-transformed, R) 260 

time series available (NA, SA and BI) to investigate the potential effect of the variability of 261 

rRI on the recruitment dynamics in addition to the other external and internal drivers (E, F, and 262 

SP). In this case, the covariates of the additive formulation were the spawning stock biomass 263 

(log transformed, SSB) and a regional-scale environmental variable (E). E variables were 264 

winter and spring averages of sea surface temperature. The IDEA index was also used for the 265 

BI stock. Using the TGAM formulation, we then investigated the consequences of changes in 266 

the rRI on both the effect of density (SSB) and the environmental covariate. In this case, the 267 

TGAM fitted was: 268 

     (6) 269 

where the vector C also contains in this case rRI as a potential threshold variable in addition to 270 

E, F and SP (C{E, F, SP, rRI}). 271 

Because the GCV does not account for the additional parameter used in the threshold 272 

search and can not be used to compare GAM to TGAM, the best models were selected by 273 

computing the genuine cross validation (gCV, see Ciannelli et al. 2004 for details). gCV was 274 

calculated as the average squared leave-one-out prediction error, that is removing one data 275 

point at a time from the original model and predicting its value from the resulting model. All 276 

the potential threshold effects were applied for each covariate and scored against all the 277 

potential additive formulations based in the minimization of gCV. For every model, residuals 278 
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were checked for homogeneity of variance, absence of temporal autocorrelation and violation 279 

of normality assumptions. 280 

 281 

Results 282 

Demographic structure of the spawning stocks  283 

Figure 2 shows the time series of the diversity index HSSB, the mean age ASSB and the mean 284 

length LSSB, which all describe the evolution of the demographic structure. NA and SA 285 

displayed a decrease in the three variables, which suggested that a demographic truncation 286 

(DT) with a change of average values occurred between the middle eighties and early nineties. 287 

In contrast, these three indices displayed a high inter-annual variability with no sign of 288 

decrease for the Mediterranean stocks. However, values of these indices of the Mediterranean 289 

stocks are lower or comparable to those of the truncated stated in of the Atlantic stocks, which 290 

suggests certain degree of DT in the Mediterranean stocks since the beginning of the time 291 

period investigated. The high consistency between the three proxies for the TS was likely to 292 

be a consequence of the high dependency on the young age classes due to the seasonal and the 293 

trawl-oriented sampling. Since HSSB and ASSB were highly correlated in all the stocks and since 294 

HSSB  could have broader and different ecological implications, which encompass those of LSSB 295 

and ASSB, we used HSSB and LSSB as the indices of the spawner properties (SP) to simplify the 296 

statistical analyzes. 297 

 298 

Recruitment-independent growth rate time series  299 

The estimated rRI displayed very different variability patterns for each area (Fig. 3A). Clear 300 

temporal trends were only found for the Atlantic stocks with low and high inter-annual 301 

variability for NA and SA respectively. The contribution (i.e., elasticity) of the maturity rates 302 

to the rRI increased over the whole period for NA and SA (Fig. 3B) and high values of rRI 303 
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were observed as the contribution of maturity to the rRI increased (Fig. 3C). In the 304 

Mediterranean, the BI stock showed two extreme periods of high contribution of maturity 305 

with high survival in the nineties (Fig. 3B). For both BI and TS, the inter-annual pattern of the 306 

contribution of survival was closely related to the variability of rRI (Fig. 3C), which suggested 307 

a high dependency of the rRI estimates upon the young age classes. For GL, high values of rRI 308 

were associated with a high contribution of the maturity rates in accordance with the Atlantic 309 

stocks pattern (Figs. 3B−C). 310 

 311 

Combined effects of spawners’ characteristics, climate and fishing mortality on rRI 312 

The most parsimonious models of rRI were always obtained with threshold formulations 313 

(TGAM) except for the two areas with short time series (TS and GL), for which only additive 314 

(GAM) formulations were fitted (Table 1 and Fig. 4). The best models for each area are given 315 

in the Supplementary material Appendix 1 (Table A1). The percentage of variance explained 316 

ranges from 89% for NA to 53% for TS (Table 1). The climate variable was always additively 317 

retained in the best models, but never as an interaction. The NAO displayed a non-linear 318 

effect on the Atlantic stocks; low values of NAO had a positive effect for the NA stock (Fig. 319 

4A) while the opposite pattern was observed for SA (Fig. 4B). Such a pattern for the NA 320 

stock was mainly due to positive NAO values (> 2, Fig. 4B) occurring in the period 1989-321 

1995, when the lowest values of rRI were estimated (Fig. 3A) and a drastic demographic 322 

truncation was observed for this stock (Fig. 2A). In the Mediterranean, the IDEA index 323 

displayed a negative effect for BI (Fig. 4C) and the SST in winter displayed a negative effect 324 

for the GL (Fig. 4D) and TS (Fig. 4E), though the effect for GL was observed as inverted 325 

dome-shaped likely due to the low number of observations in upper range of temperature. It is 326 

worth to note that SST in spring may be also relevant for the TS stock (Supplementary 327 

material Appendix 1, Table A1). 328 
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Although fishing mortality (F) was expected to additively affect rRI, this was only 329 

observed for the SA stock in the Atlantic (Fig. 4B) and the TS stock (Fig. 4E) in the 330 

Mediterranean Sea. However, fishing mortality was retained as an interaction with the 331 

spawners' characteristics (HSSB and LSSB) in all the areas where interactive effects were 332 

explored. Figure A3 (Supplementary material Appendix 1) shows the fishing mortality 333 

regimes obtained for each stock according to the Generalized Cross Validation (GCV) profile. 334 

In low fishing regimes (low F), high values of rRI were related to low values of HSSB (a less 335 

diverse age structure) in NA (Fig. 4A) and to low values of LSSB (comparatively smaller 336 

spawners) in SA (Fig. 4B) through a negative linear effect. In contrast, under high fishing 337 

regimes a weaker and non-linear effect of HSSB and LSSB on rRI was observed. In contrast to the 338 

Atlantic, in a low fishing regime HSSB had a positive effect on the BI stock (Fig. 4C), while it 339 

showed a similar pattern for GL but with a positive effect of LSSB (Fig. 4D).  340 

 341 

Combined effects on the recruitment dynamics  342 

The most parsimonious models for the two Atlantic stocks displayed an interactive effect 343 

between SST and the spawner characteristics, while a non-additive effect of the spawning 344 

stock biomass (SSB) with a threshold on the IDEA index was observed for the BI stock (Fig. 345 

5). The best models for each area are given in the Supplementary material Appendix 1 (Table 346 

A2). The percentage of variance explained was 60.3%, 59.4% and 59.9% for NA, SA and BI, 347 

respectively (Table 1).  Two of the models fitted to recruitment retained a bivariate threshold 348 

effect involving rRI. Under low values of rRI and HSSB for the NA, the effect of the SSTwinter on 349 

the recruitment was positive, whereas the relationship became negative in the other regime 350 

(Fig. 5A). Thought the dome-shaped effect of SSB found for the NA stock could be slightly 351 

overestimated do to the variance explained by the interacting environmental effect, this 352 

functional form suggested an overcompensatory behaviour at high population densities (i.e., 353 
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negative density-dependent survival) supported by the opposed trends displayed by SSB and 354 

recruitment during the first decade of the period investigated (Supplementary material 355 

Appendix 1, Fig. A1A). This was not the case for the SA stock where the effect of spawners 356 

abundance was linearly positive over the whole range of abundance (Fig. 5B). The effect of 357 

the SSTspring for SA was only observed for low values of HSSB, while no significant effect was 358 

observed for high HSSB values (diverse age structure of the spawners). In the case of BI (Fig. 359 

5C), SSB was linear and negatively related to the recruitment abundance under high values of 360 

rRI and IDEA index, while a negative non-linear response was observed under the opposite 361 

conditions. The effect of the environment for this area was positive and linear over the whole 362 

period. 363 

 364 

Discussion 365 

The long term exploitation of the North Atlantic fish stocks has reduced their biomass to 366 

levels hardly comparable to those of the early XXth century (c.a., ‘pristine state’). Recently, a 367 

95% biomass reduction was documented over the last 118 years for the demersal populations 368 

off the UK (Thurstan et al. 2010). The exploitation pattern, typically size-selective, targeted 369 

older age classes and resulted in a long-term demographic truncation for several stocks (e.g., 370 

Ottersen et al. 2006, Ottersen 2008 and reviews in Jørgensen et al. 2007 and Hsieh et al. 371 

2010). Therefore, the picture given by the contemporary age-structured data (i.e., last three or 372 

four decades) often depicts already truncated populations, which may affect the baseline for 373 

the evaluation of the recent decades. 374 

Though the hake populations we studied are likely the result of long-term 375 

demographic erosion, the Atlantic stocks displayed a drastic change in the demographic 376 

structure, which is not as evident for the Mediterranean stocks. This results in an increasing 377 

contribution of the maturation schedule on the population growth rate of the Atlantic stocks 378 
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over time. The potential consequences can be seen under three aspects. Firstly, the relative 379 

importance of the young spawners in the reproductive potential of the population increased. 380 

Secondly, the realized growth rate can become more sensitive to the recruitment variability 381 

(Rouyer et al. 2011). Thirdly, the contribution of the survival rates decreased along with the 382 

increase of the contribution of the maturity rates, which may affect the density-dependent 383 

regulation mechanisms of populations. For instance, such regulation may occur by altering the 384 

mortality rates of adults or relaxing overcompensation that operates on the survival of the 385 

young age classes (Warner and Chesson 1985). The Mediterranean populations displayed, 386 

however, high inter-annual variability of the recruitment-independent population growth rates 387 

and high contribution of the maturity rates, though it decreased as the growth rate increased. 388 

Recent study showed that the BI stock was highly dependent on recruitment in the last three 389 

decades due to the long-term erosion of its demographic structure (Hidalgo et al. 2011). This 390 

study is in resonance with our results, which show similar actual levels HSSB, ASSB and LSSB of 391 

the Mediterranean population to those of the Atlantic stocks after the truncation. These 392 

findings therefore suggests that a high DT is long-lasting in the Mediterranean Sea, while no 393 

clear trend can be observed in the more recent years. 394 

 395 

Synergistic effects on the recruitment-independent growth rate 396 

Since the effect of climate on vital rates (i.e., maturity or survival) can vary with age and sex 397 

(Coulson et al. 2001) and since the demographic structure of hake stocks changed over time 398 

(Fig. 2), an interacting effect between the climate and the other covariates on the growth rate 399 

was expected. No such effect was observed, which we attribute to the different temporal 400 

scales at which climate affects fish stocks compared to exploitation and demography 401 

(Ottersen et al. 2010). On a comparative time scale to the present study, the North Atlantic 402 

Oscillation (NAO) has been found to affect population growth rate of Northeast Arctic cod 403 
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(Durant et al. 2008). In the case of the SA hake stock, our results are in accordance with 404 

previous studies. An increase of marine productivity during positive phases of NAO may 405 

favor its reproduction (Dominguez-Petit et al. 2008), while a negative phase may strengthen 406 

the Iberian poleward current (de Castro et al. 2011) decreasing the survival (Sanchez and Gil 407 

2000). By contrast, the opposite climate effect observed in the NA stock seems 408 

counterintuitive. The causal basis for this difference is not clear, but we note that only high 409 

NAO values negatively influenced the growth rate and that those values were restricted to a 410 

short period in the early nineties. Beaugrand (2009) evidenced that early nineties were an 411 

inflexion point for ecosystem changes in different areas of the North Atlantic, included North 412 

Sea and adjacent areas as the Bay of Biscay (Dufour et al. 2010, see discussion below). We 413 

speculate that this climate-induced ecosystem change could contribute, in addition to the DT, 414 

to the low population performance observed in the early nineties for NA. In the 415 

Mediterranean, regional hydro-climatology shapes the population dynamics at a smaller 416 

spatial scale. Our results are supported by previous studies that showed that winter conditions 417 

affect the population dynamics in the NW Mediterranean stocks (GL and BI) (Lloret et al. 418 

2001, Massutí et al. 2008), while both spring and winter conditions can be relevant for the TS 419 

stock (Bartolino et al. 2008). 420 

The interaction that maximized the parsimony of our models was always found 421 

between the fishing mortality and the spawners' characteristics, which is evidence for the 422 

sensitivity of the growth rate to changes in the spawners’ demography. Under low fishing 423 

regimes in the Atlantic, a truncated age structure favors the increase of the population growth 424 

rate, while under a heavy exploitation pattern spawners may not be able to contribute to the 425 

growth rate. Because the contribution of maturity rates increases with the demographic 426 

truncation, our results suggest that for highly exploited stocks, the population growth rate 427 

would be maximized when the spawners are younger. This implies that the population may 428 
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increase reproductive investment in younger spawners, for instance by increasing fecundity-429 

at-age (e.g., Yoneda and Wright 2004, Rijnsdorp et al 2005, Wright 2005). Mehault et al. 430 

(2010) documented similar changes in hake as the contribution to total egg production in the 431 

SA spawning stock shifted from older age classes to young spawners in the recent years. 432 

In the Mediterranean, the BI stock showed a different interaction between fishing and 433 

spawner characteristics compared to the Atlantic stocks, with a positive effect of the age 434 

diversity of the spawning stock on the growth rate when fishing mortality was low. This 435 

relationship is analogous to the positive effect of the mean length of the spawners on the 436 

growth rate of the GL stock. These results suggest that Mediterranean stocks may exhibit 437 

higher growth rates with comparatively less truncated demographic structure within the study 438 

period, which could increase the contribution of survival to growth rate. In consequence, 439 

highly truncated populations (which is the case for BI, Hidalgo et al. 2011) characterized by 440 

low reproductive potential may improve the stability of the spawning stocks by maximizing 441 

the survival rates of young age classes. This strategy is common in long-lived unexploited 442 

vertebrates which exhibit stable adult survival (e.g., Warner and Chesson 1985, Tavecchia et 443 

al 2001). 444 

 445 

Consequences on recruitment 446 

Our results show that recruitment-independent growth rates, through an increase of the 447 

contribution of the maturity rates of young spawners, can modify the sensitivity of 448 

recruitment to climate. However, this interaction changes geographically. For the NA stock, 449 

the combination of low growth rates and spawners’ characteristics (i.e., truncated 450 

demography) resulted in a positive effect of SST on recruitment, which is in accordance with 451 

recent studies (Fernandes et al. 2010). However, changes in hydro-climatic conditions can per 452 

se modify the recruitment dynamics through different pathways (see review in Ottersen et al. 453 
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2010). The hydroclimatilogy of the Bay of Biscay changed in the early nineties in a fashion 454 

comparable to the well-known regime shift in the North Sea (Dufour et al. 2010). Beaugrand 455 

(2004) showed how climate modified the composition, size structure and abundance of 456 

zooplankton in the North Sea, which had consequences for the predator-prey interactions at 457 

the early life stages of fish. In the Bay of Biscay, such trophic implications have been 458 

demonstrated to affect other fish species such as anchovy (Irigoien et al. 2009). This suggests 459 

that observed changes in population dynamics of hake in the NA can result from a 460 

combination of demographic truncation and climate-induced changes in the trophic 461 

interactions during the early life stages of hake. Further research is required to understand 462 

how these mechanisms operate. 463 

Under elevated environmental heterogeneity such as the contrasting hydrographies 464 

experienced by the SA stock, a more diverse demographic structure of the spawning stock 465 

might facilitate colonizing and meeting favorable environmental/trophic conditions for 466 

planktonic larvae, both in space and time (Marteinsdottir and Thorarinsson 1998). Such 467 

environmental heterogeneity would then make it difficult to identify a link between the 468 

favorable environmental conditions and recruitment success. The emerging effect of the sea 469 

surface temperature under a low age diversity of the spawners has already been documented 470 

for other species and has been suggested to be a consequence of an increase of the sensitivity 471 

of recruitment to climate (e.g., Marteinsdottir and Thorarinsson 1998, Ottersen et al. 2006).  472 

The contrasting functional relationships observed between spawner abundance and 473 

recruitment suggests different regulatory mechanisms. Hake in SA does not exhibit 474 

overcompensation under high spawner density, as it is the case for the NA stock. Since the 475 

strength of population regulation increases as a function of the population size (Minto et al. 476 

2008), the decrease of spawner density and diversity due to fishing increases the importance 477 

of the density-independent processes (i.e., environment), which then controls the recruitment 478 
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survival when the density-dependent regulation is undermined. By contrast, the high density-479 

dependence observed in NA could be partially explained by the high cannibalistic pattern of 480 

this species. High levels of cannibalism have been reported in areas with a broad continental 481 

shelf such as Bay of Biscay, where hake of different lengths coexist (Mahe et al. 2007). Since 482 

cannibalism of older age classes on recruits has been demonstrated to be very high for recent 483 

and truncated periods (Mahe et al. 2007), cannibalism rate could be higher in the pre-484 

truncated state explaining partially the overcompensation observed. 485 

Finally, in populations with strong recruitment dependency the population dynamics 486 

are mainly driven by environmental fluctuations (Hidalgo et al. 2011, Rouyer et al. 2011). 487 

This could promote instability of the density-dependent regulatory mechanisms, which could 488 

explain the observed change in the spawner biomass effect in the BI stock under different 489 

levels of growth rate and environmental conditions. However, the negative density 490 

dependence observed for this Mediterranean stock is ecologically difficult to explain and may 491 

therefore suggest alternative sources of population maintenance. Connectivity via passive 492 

drift of early life stages has already been proposed as a mechanism to complement the auto-493 

recruitment of archipelagos (Cowen and Sponaugle 2009) such as the BI (Hidalgo et al. 494 

2009).  495 

 496 

Conclusions 497 

The increased dependency of population growth rate upon age classes of young spawners may 498 

occur concomitant to a loss of temporal stability of adult survival. Thus, demographic 499 

truncation may increase the importance of maternal effects on the persistence of the 500 

population and alter the population regulatory processes shaping the population dynamics. As 501 

a consequence, the ability of populations to cope with variable and/or heterogeneous 502 
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environments decreases and the dependence of the recruitment dynamics on the hydro-503 

climatic variability increases.  504 

Several studies have demonstrated that stocks located in the limits of geographical 505 

distribution of the species are more sensitive to the hydroclimatic variability (e.g., Planque 506 

and Fredou 1999, Brunel and Boucher 2006, Stige et al 2006, Mantzuoni et al. 2010), which 507 

can be magnify due to the demographic truncation (Ottersen et al. 2006, Rouyer et al. 2011). 508 

Our study add to this picture the importance of embracing general ecological patterns with the 509 

context-dependence processes that emerge at intermediate latitudes within the range of the 510 

species distribution (see Fig. 1), in which the environmental effects often shows high 511 

heterogeneity. These regional scale synergies depend on: 1) the degree of demographic 512 

truncation, 2) the influence of the climate on the regional hydrography and 3) the 513 

spatiotemporal heterogeneity of the physical environment to which fish life histories are 514 

regionally adapted. Since truncated populations will be difficult to manage because of their 515 

high dependence on unpredictable environmental variability, our conclusions highlight the 516 

need to consider the interaction between fishing and climate in future scientific-based 517 

management programs.  518 
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Table caption 684 

 685 

Table 1. Final best formulations selected, threshold variable used, adjusted R2 (Radj
2, i.e., 686 

proportion of variance explained), and genuine cross validation (gCV) of the best models for 687 

recruitment-independent growth rate estimates (rRI
t) and recruitment abundance (Rt). All the 688 

terms included in these models were statistically significant (p < 0.05).  689 

 690 
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Table 1 691 

 692 

Response Area Formula 
Threshold 

variable/s 
Radj

2 gCV 

rRI NA  F2-6 89.8 0.00056 

 SA  F2-5 80.3 0.0027 

 BI  F2-4 60.6 0.035 

 GL  - 83.4 0.25 

 TS  - 53.6 0.033 

      

Recruitment NA  Hssb, rRI 60.3 0.045 

 SA  Hssb 59.4 0.0086 

 BI  IDEA, rRI 59.9 0.091 

      

 693 

Notes: Abbreviations and variables are: NAO, North Atlantic Oscillation index; IDEA, mesoscale hydro-climatic index of the 694 

NW Mediterranean; SSTWinter and SSTSpring, sea surface temperature averaged for winter and spring; SSB, spawning stock 695 

biomass; HSSB, age diversity index of SSB; LSSB, mean length of SSB; F2-6, F2-5 and F2-4 fishing mortality averaged from age 696 

classes 2 to 6, 2 to 5 and 2 to 4. 697 

 698 
 699 



 

Figure captions 700 

Figure 1. Geographic location of the five stocks of European hake analysed: North Atlantic 701 

stock (NA), South Atlantic stock (SA), Balearic Islands (BI), Gulf of Lions (GL) and 702 

Tyrrhenian Sea (TS). The inset map displays the geographic distribution of the species. 703 

 704 

Figure 2. Age diversity (HSSB), mean length (LSSB) and mean age (ASSB) of the spawning stock 705 

biomass for the five stocks investigated: North Atlantic stock (A), South Atlantic stock (B), 706 

Balearic Islands (C), Gulf of Lions (D) and Tyrrhenian Sea (E).   707 

 708 

Figure 3. Recruitment-independent growth rate time series (rRI) for each stock (A), relative 709 

contribution (i.e., elasticity) of maturity (white) and survival (grey) to rRI variability (B) and 710 

relationship between maturity contribution and rRI (C).  711 

 712 

Figure 4. Effect of climate (left column), spawning properties (middle column) and fishing 713 

(right column) on the recruitment-independent growth rate for each stock: North Atlantic 714 

stock (A), South Atlantic stock (B), Balearic Islands (C), Gulf of Lions (D) and Tyrrhenian 715 

Sea (E). Note that the effect of spawning properties in A, B and C is partitioned by two 716 

fishing regimes as indicated in Table 1 and shown in Figure S3 (Supplementary material): the 717 

effects under low and high fishing regimes are shown in dark and light grey respectively.  718 

 719 

Figure 5. Effect of spawning stock biomass (SSB, left column) and environment (middle 720 

column) on the recruitment abundance for each stock analysed: North Atlantic stock (A), 721 

south Atlantic stock (B) and Balearic Islands (C). The environment effect for A and B, and 722 

SSB effect for C are partitioned into two regimens (dark and light grey), which are shown in 723 

the right column and indicated in Table 1. Note that threshold interaction of A and C is 724 



 

bivariate, while the threshold is univariate for B For the North Atlantic stock, the scatter plot 725 

shows two biological regimes as the interaction between rRI and HSSB that modified the form 726 

of the environment effect. For the South Atlantic, low values of HSSB let the SSTWinter affect 727 

negatively the recruitment while no significant effect (shown as the mean value for this 728 

regime) was observed for high values. For the Balearic Islands, a scatter plot shows a 729 

biological/environmental interacting regime of rRI and IDEA index that modified the form of 730 

effect of the SSB covariate. The threshold lines (detected by the GCV criteria, Ciannelli et al. 731 

2004) that divide the plot of interacting variables in two regions are also shown in the right 732 

column. 733 

  734 
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