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Summary: A new approach to recruitment overfishing diagnosis is presented. We hypothesize that condition of recruits
should increase when recruitment failures are caused by fishing activity. This would be a consequence of the increase in
trophic resource availability, because the population is smaller than that which the ecosystem could support. Temporal series
of hake recruit condition were calculated from MEDITS survey data collected in Mediterranean geographical sub-areas
(GSAs) 1, 6,17 and 19 from 1994 to 2015. Multiple linear regressions were used to analyse the relationship between mean
annual condition and abundance of recruits and climatic indices in each GSA. Significant correlations were only detected in
GSA 6, where 69% of condition variability was explained by the negative correlation with recruit abundance, and with two
climatic indices, the Western Mediterranean Oscillation and the standardized air temperature anomaly at surface from the
Gulf of Lions. Despite the differences in recruit abundance among GSAs, their mean annual condition oscillated around the
same basal value during most of the time series, pointing to density-dependent mortality rates as an important mechanism
stabilizing hake recruitment to levels close to the carrying capacity when populations do not suffer recruitment overfishing.
This pattern changed when the decreasing recruit abundance trend drove GSA 6 condition values persistently above those of
the rest of the GSAs. According to our hypothesis, hake in GSA 6 is in recruitment overfishing.

Keywords: Merluccius merluccius; fishery; recruits; condition index; recruitment overfishing; MEDITS survey.

Una nueva aproximacién al diagnéstico de la sobrepesca de reclutamiento basada en la condicién de los recursos a
partir de datos de campaia

Resumen: Este trabajo presenta una nueva aproximacion al diagndstico de la sobrepesca de reclutamiento. Nuestra hipdtesis
consiste en que la condicion de los reclutas debe aumentar cuando suceden fallos en el reclutamiento debidos a la actividad
pesquera. Esto seria una consecuencia del incremento en la disponibilidad de recursos tréficos debido a que la poblacién es
mas reducida que la que el ecosistema podria soportar. Se calcularon series temporales de condicion de reclutas de merluza
a partir de datos recogidos en las campafias MEDITS en las sub-dreas geograficas (GSAs) 1, 6, 17 y 19 entre los afios 1994
y 2015. Se utiliz6 la regresion lineal miltiple para analizar la relacién entre la condicién media anual y la abundancia de
reclutas e indices climdticos en cada GSA. Solo se detectaron correlaciones significativas en la GSA 6, donde el 69% de la
variabilidad en la condicion se explica por la correlacién negativa con la abundancia de reclutas, y con dos indices climéticos,
la Oscilacion del Mediterraneo Occidental y la anomalia estandarizada de la temperatura del aire en superficie en el Golfo de
Ledn. A pesar de las diferencias en la abundancia de reclutas entre GSAs, su condicién anual media oscil6 alrededor de un
mismo valor basal durante la mayor parte de la serie temporal, sugiriendo que las tasas de mortalidad denso-dependiente son
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un mecanismo importante para la estabilizacion del reclutamiento de merluza en niveles proximos a la capacidad de carga
cuando las poblaciones no sufren sobrepesca de reclutamiento. Este patrén cambié cuando la tendencia decreciente de la
abundancia de reclutas elev los valores de condicién en la GSA 6 por encima de los del resto de GSAs de forma persistente.
De acuerdo con nuestra hipdtesis, la merluza de la GSA 6 se encuentra en sobrepesca de reclutamiento.

Palabras clave: Merluccius merluccius; pesqueria; reclutas; indice de condicion; sobrepesca de reclutamiento; campana
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INTRODUCTION

The Food and Agriculture Organization adopted
the definition of recruitment overfishing in Restrepo
(1999): “A situation in which the rate of fishing is (or
has been) such that annual recruitment to the exploit-
able stock has become significantly reduced. The situ-
ation is characterized by a greatly reduced spawning
stock, a decreasing proportion of older fish in the catch,
and generally very low recruitment year after year. If
prolonged, recruitment overfishing can lead to stock
collapse, particularly under unfavourable environmen-
tal conditions”. This definition takes into account most
of the aspects considered in previous definitions of
this type of overfishing [see Sainsbury and Polacheck
(1993) and references therein].

According to Walters and Maguire (1996), the
causes of one of the most renowned collapses in fisher-
ies, that of the northern cod, were an overestimation
of the stock abundance and failure to recognize the re-
cruitment overfishing, even when a declining pattern in
recruitment paired with a strong stock-recruitment cor-
relation had been observed. Recruitment decline was
attributed to unfavourable oceanographic conditions
(Walters and Maguire 1996). In fact, a recruitment
failure has two main causes: i) low egg production
due to a reduced spawning stock and/or a low spawn-
ing activity of adults; and/or ii) a high mortality in the
early life stages before recruitment to fishing stocks,
which may be related to unfavourable oceanographic
conditions (Watanabe et al. 1995). The two causes may
occur together and it may be difficult to discern one
from the other. However, emphasizing the importance
of the environmental influence on recruitment variabil-
ity may lead stock assessments to ignore an underlying
recruitment overfishing (Walters and Maguire 1996).

There have been attempts to search for useful
thresholds to determine recruitment overfishing based
on biomass reference levels (Sissenwine and Shepherd
1987, Myers et al. 1994). However, the use of refer-
ence points to diagnose recruitment overfishing is not
commonly taken into account in most fisheries assess-
ment bodies (but see the stock status classification
system from the Australian government, https://www.
fish.gov.au/About), although for some species refer-
ence points have been proposed [see e.g. Nakatsuka

et al. (2017) for Pacific Bluefin tuna]. This is com-
prehensible because of the uncertainty regarding the
causes underlying a recruitment failure and analytical
difficulties such as relating the definition of recruit-
ment overfishing to fishing mortality (Sissenwine and
Shepherd 1987), the intrinsic difficulty of estimating
reliable absolute abundances of fish stocks (Hilborn
2002), including those of spawners and recruits, and
the exclusion from classical stock-recruitment models
of important factors for recruitment such as the influ-
ence of environmental conditions and the effects of
the size and physiological condition of spawners on
egg production and quality of the offspring (Lloret et
al. 2014, Dominguez 2006).

Most definitions of overfishing are related in some
way to maximum sustainable yield (MSY) (Hilborn
and Stokes 2010). The assessment of Mediterranean
fish stocks is no exception, and the General Fisheries
Commission for the Mediterranean (GFCM) and the
Scientific, Technical and Economic Committee for
Fisheries (STECF), in line with the Common Fisher-
ies Policy, have adopted the fishing mortality produc-
ing the MSY (Fygy), or its proxy F,,, as a reference
point (GFCM 2014, STECF 2015), considering that
any fishing mortality beyond Fy;qy indicates an over-
fished stock, without specifying growth or recruitment
overfishing.

In the Mediterranean Sea, the assessment of fish
stocks is based on geographical sub-areas (GSAs,
Resolution GFCM/31/2007/2). In all GSAs where the
European hake, Merluccius merluccius (Linnaeus,
1758), is currently assessed, the populations have been
diagnosed as overexploited (GFCM 2017, STECF
2017, 2018). Though this situation has not changed
for many years, and in some areas (e.g. eastern Iberian
Peninsula, GSA 6, and Gulf of Lions, GSA 7; GFCM
2017) spawning stock biomass and recruitment show a
sharp declining trend, the possibility that these popula-
tions are affected by recruitment overfishing has not
been explored.

“Fish condition” is a widely used term referring to
the overall physiological status or health of an indi-
vidual (Lloret et al. 2014). Among the most important
effects of poor fish condition are increased natural
mortality, suppression of reproduction, late maturity
and low fecundity, and low larval and juvenile survival
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(Dutil and Lambert 2000, Morgan 2004, Skjeraasen
et al. 2012). Moreover, a decrease in the productivity
of fish stocks, as well as a higher vulnerability to hu-
man perturbations, has also been revealed (Dutil and
Lambert 2000). Particularly for the hake, the success
and individual condition of recruitment shows a strong
dependence on environmental conditions, productivity
and the availability of feeding resources (Sdnchez et al.
2003, Abella et al. 2008, Bartolino et al. 2008).

In the present study we aim to explore a new ap-
proach to the assessment of recruitment overfishing
based on condition of hake recruits collected during
the Mediterranean International Trawl Surveys (MED-
ITS) since 1994. We hypothesize that recruit condition
should increase when failures in recruitment occur due
to fishing activity. This increase in condition must be
mediated by a higher availability of trophic resources
for recruits, as a consequence of a lower number of in-
dividuals: in other words, recruit abundance is reduced
below the carrying capacity of the ecosystem. How-
ever, the hypothesized increase in condition could be
masked by the effect of environmental variability, and
more particularly by variations in climatic conditions,
which have already been reported to influence hake re-
cruitment (Hidalgo et al. 2008, Massuti et al. 2008). To
explore our hypothesis, we analysed the temporal se-
ries of weight-at-length data of recruits, normally used
as a proxy of fish condition (Lloret et al. 2014), and its
relationship with hake recruit abundance and climatic
indices in different areas of the Mediterranean Sea.

MATERIALS AND METHODS
Sampling

Data and samples were collected during the annual
MEDITS surveys from 1994 to 2015. The sampling
gear used, the bottom trawl GOC73 and the sampling
scheme applied in these surveys are described in de-
tail by Bertrand et al. (2002). This gear shows high
efficiency in the catch of demersal species, includ-
ing juveniles of M. merluccius (Dremiere et al. 1999,
Fiorentini et al. 1999). The sampling stations studied
cover a depth range of 10 to 800 m along the western
and central Mediterranean Sea GSAs 1, 2, 5, 6, 7, 8,
9,10, 11, 16, 17, 18 and 19 (Fig. 1). The experimen-
tal hauls were conducted during daylight hours, with
durations of 30 to 60 minutes, depending on the depth
stratum. The towing speed was about 3 knots and the
net’s arrival at and departure from the bottom, as well
as its horizontal and vertical openings (usually ranging
from 16 to 20 m and 2.5 to 3.2 m, respectively) were
measured in real time using acoustic systems attached
to the gear. The geographical position of the boat at
the beginning of the effective fishing at the bottom was
recorded by a GPS system. In each sample, abundance,
biomass and length frequency of the species were de-
termined and standardized to one square km using the
distance covered and the horizontal opening in each
haul. Biological samplings of hake were also done on
a sampling station basis. These samplings, which in-
cluded individual sex, maturity stage, total length (TL,
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Fig. 1. — Map showing the GFCM geographical sub-areas in the
western and central Mediterranean Sea.

to the half cm) and total weight (W, to the nearest 0.1
g) of representative samples from every haul in which
this species appeared began to be performed in differ-
ent years depending on the GSA.

The geographical analyses, which took into account
all the above-mentioned GSAs, involved a total of 4252
sampling hauls performed between 2012 and 2015, the
period in which hake biological data is available for all
GSAs in the study region. For the temporal series analy-
ses, only the GSAs with the longest time series of hake
biological data were considered: 1, 6, 19 and the Italian
side of 17. In the MEDITS programme, the sampling of
individual biological parameters has been compulsory
for hake in all GSAs only since 2012. However, for
these four areas the biological sampling of hake has
been available since the beginning of the MEDITS
surveys: 1994 in GSA 17 and one year later (1995) in
the rest. A total of 6685 sampling hauls (GSA1: 880;
GSA6: 1690; GSA17 (Italy): 2548; GSA19: 1567) and
86171 biological samplings of hake recruits were taken
into account for the time series analyses.

Recruit abundance and somatic condition

The standardized abundance (ind. km=2) of hake re-
cruits (0-age group) was calculated by setting a thresh-
old of 18 cm TL, according to the total length at the
end of the age-0 class reported in the growth model for
sexes combined by Mellon-Duval et al. (2009). Then
the sum of all individuals below 18 cm TL was divided
by the area swept in each haul.

In order to obtain the mean annual abundance
of recruits for each GSA, their depth distribution
was analysed and depths at which recruits were not
usually present were excluded. The depth range in-
cluded individuals from 46 to 305 m in GSAs 1 and
6; individuals from 25 to 300 m in GSA 17 (Italy);
and individuals from 47 to 280 m in GSA 19. In all
cases, the number of recruits retained for the analyses
in each GSA within the specified bathymetric ranges
accounted for more than 99% of the whole number of
recruits. In the case of GSA 17, where the distribution
of recruits was clearly located at the southern part of
this GSA, a further restriction was applied when cal-
culating their mean abundance, and only those sam-
ples located below latitude 44°N were considered. In
this GSA, more than 98.5% of recruits were retained
for the analyses.
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Size-independent measures of individual somatic
condition (SC) of recruits were calculated. First, the
log-transformed linear relationship between W and TL
was calculated in order to obtain the predicted log(W) by
sex. Differences in the log-transformed W-TL relation-
ships between sexes were tested by applying analysis
of covariance (ANCOVA) to the log-transformed data.
Because no difference between sexes was found, log-
transformed W-TL relationships were calculated for the
whole population. Then, the residuals were calculated
as the difference between the log-transformed observed
and predicted W, and standardized by dividing each by
the standard deviation of their predicted log(W) values.
An individual that is lighter than the predicted weight
for its length from the regression equation will have a
negative residual, and is assumed to be in poorer condi-
tion than an individual that is heavier than the predicted
weight for its length, which will have a positive residual
(Hayes and Shonkwiler 2001).

Due to the minimum precision of the weight meas-
ures, 0.1 g, the SC analyses were restricted to recruits
>8.5 cm. The +0.1 g error due to scale precision thus
represents less than 1% of the theoretical weight of the
smallest individuals. When the analyses of SC involved
more than one GSA, the individual SC was calculated
considering a W-TL relationship in which all the indi-
viduals sampled in all the GSAs involved were taken
into account. This allowed comparable values of SC
among GSAs to be obtained.

In the calculation of the mean annual values of SC by
GSA the individuals taken into account followed the same
bathymetric and geographical restrictions applied to the
calculation of the mean annual abundance of recruits.

General geographical pattern of SC and recruit
abundance

The main objective of this analysis is to frame the
different areas studied in the Mediterranean context.
Therefore, the calculation of SC and the standardized
recruit abundance was restricted to the period 2012-
2015, in which the biological sampling of hake was
available for all GSAs. The mean SC per haul was
finally plotted in maps, excluding hauls in which <5
recruits were sampled.

In the case of recruit abundance, the higher number
of samples allowed us to use a generalized additive
model (GAM) to predict the abundance values in the
whole study area by year. In the model, the dependent
variable was the log-transformed standardized abun-
dance of recruits per haul, whereas the explanatory var-
iables were year included as a factor, and the smoothed
effects of depth and position of the haul (latitude and
longitude) by year. A Gaussian family residual distri-
bution was applied after checking model residuals. The
GAM was performed using the mgcv package (Wood
2006) in R software (R Core Team 2017).

Climatic indices

Four climatic indices that have been related to
Mediterranean meteorological and circulation events

were used to analyse possible relationships with annual
variation of hake condition. Two large-scale climatic
indices, the Northwestern Atlantic Oscillation (NAO1)
index and the Mediterranean Oscillation Index (MOi),
and two regional climatic indices, the Western Medi-
terranean Oscillation index (WeMOi) and the IDEA
index (IDEAI), were used.

NAOi, MOi and WeMOi are calculated from at-
mospheric pressure gradients in the Atlantic Ocean
and/or the Mediterranean Sea. Monthly mean NAOi
was obtained from the NOAA National Weather Ser-
vice, Climate Prediction Center (http://www.cpc.ncep.
noaa.gov/products/precip/CWlink/pna/nao.shtml).
This index is estimated with a rotated principal com-
ponent analysis applied on the monthly standardized
500-mb height anomalies in the Atlantic for the region
comprised between 20°N and 90°N and between Janu-
ary 1950 and December 2000 (Barnston and Livezey
1987). The MOi is the normalized pressure difference
between Gibraltar’s Northern Frontier and Lod Airport
in Israel (Palutikof et al. 2003). M Qi data were obtained
from the Climatic Research Unit of the University of
East Anglia (https://crudata.uea.ac.uk/cru/data/moi/).
The WeMOi is a regional index that estimates the dif-
ference between the barometric time series in Padua
(northern Italy) and San Fernando (Cadiz) in the south-
west of Spain (Lépez-Bustins 2007). Monthly mean
WeMOi was obtained from the Climatology Group of
the University of Barcelona (http://www.ub.edu/gc/
wemo/).

The IDEAI is a meso-scale index related to the
temperature in the northwestern basin of the Mediter-
ranean. This index measures the standardized air tem-
perature anomaly at surface (1000 hPa) from the Gulf
of Lions, collected with a daily resolution and averaged
for the winter months (Monserrat et al. 2008). Accord-
ing to these authors, IDEAL is related to the inter-annual
variability of intermediate water formation, as well as
to the seasonal surface circulation and primary produc-
tion patterns in the northwestern Mediterranean.

Trends in SC, recruit abundance and climatic
indices and their relationship

Linear regression analysis was used to explore for
temporal trends in time series of SC, recruit abundance
and climatic indices in the GSAs where these data were
available from 1995 to 2015 (GSAs 1, 6 and 19) and
from 1994 to 2015 (GSA 17).

An overall SC mean 95% confidence interval
(CI95%) was calculated taking into account the period of
the time series of SC in which the trend of any GSA had
driven its values consistently above (or below) the values
of the rest of the GSAs. The CI95% was used as a thresh-
old to distinguish the values of a particular GSA that were
significantly above (or below) the overall mean.

Multiple linear regression analysis was used to ana-
lyse the relationship between SC and recruit abundance
and climate variability throughout the MEDITS time
series. Therefore, only those GSAs with the longest
time series of biological data for hake could be taken
into account: GSAs 1, 6, 17 (Italy) and 19. The de-
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pendent variable was the mean annual SC of recruits in
each GSA. The explanatory variables tested included
the mean annual standardized abundance of recruits,
and the main climatic indices potentially affecting the
oceanographic condition in each area (NAOi, MOi
and WeMOi were included in the models of all GSAs,
whereas IDEA was only added to GSA 6 models, due
to its geographic specificity). The values of NAO;,
MOi and WeMOi consisted of the average of the
monthly values of the 12 months previous to the start of
MEDITS surveys, whereas the IDEAi value was used
directly as it is only recorded during the winter. The
explanatory variables were checked for collinearity.
Significant correlation (positive) was found between
NAOi and MOi (0.52) and WeMOi and MOi (0.43),
and alternate models including/excluding NAOi and
MOi were tested. A lag of 0 and 1 year was used for
climatic indices aiming to detect delayed effects of cli-
mate variability on the SC of recruits. Residuals of the
models were tested for autocorrelation, which was not
detected in any case. Multiple linear regressions and
autocorrelation analyses were performed using the R
software (R Core Team 2017). The beta standardized
coefficient of each explanatory variable was calculated
using the R package Im.beta (Behrendt 2014).

RESULTS

General geographic patterns of SC and recruit
abundance

The maps representing the mean SC per haul for the
years 2012 to 2015 show high variability depending on
the year for all GSAs (Fig. 2). However, an aspect that

Fish condition and recruitment overfishing diagnosis ® 227

Table 1. — Percentage of hauls showing a mean positive value of so-

matic condition by geographical sub-area (GSA) and year. Between

brackets, the total number of hauls analysed per year (those with at

least SC data for five recruits). The mean = standard error for the
total number of hauls in each GSA is also presented.

Year

GSA 2012 2013 2014 2015 Total
6 869(61) 89.6(67) 97.8(45) 88.9(63) 90.3+2.4
7 895(19) 77.8(9) 692(13) 75(16) 78.9+43
5 643(14) 91.7(12)  75(16)  75(16)  75.9+5.7
1 100(5) 333(3) 70(10)  60(10) 67.9+13.8
16 683(63) 385(65) 18.9(37) 548(62) 48+10.6
18 294(17) 57.9(19) 47.8(23) 27.3(11) 42.9+7.4
9 66.7(6) 333(9) 357(14) 25(8)  37.8+9.1
17 39.6(91) 32.1(137) 48.4(161) 21.7(143) 35.5+5.7
11 20(10)  50(10)  5.6(18) 31.3(16) 24.1+9.4
19 429(14) 20(15)  0(12)  23.1(13) 222488
10 025 152(33) 40(15) 12.5(16) 14.6+8.4
8 0 003) 0(2) 0 (1) 00

emerges throughout the four-year period is that the
GSAs in the westernmost part of the study area have
the highest proportion of hauls with positive mean SC
values. This is very clear from the proportion referring
to the total number of hauls in that period, which shows
that in GSAs 6, 7, 5 and 1 the proportion of hauls with
positive mean SC values was 90%, 79%, 76% and
68%, respectively, whereas the rest of GSAs did not
reach 50%, with GSA 16 showing the highest values
among them (48%). In the case of GSA 8, none of the
hauls showed a mean positive SC value (Table 1).

The GAM model applied to recruit abundance
showed highly significant effects of both depth
(p<0.0001) and location (latitude and longitude) by
year (p<0.0001), as well as lower significant mean val-
ues in 2015 (p<0.05). The model explained 59.2% of
the total deviance. The maps presenting the predicted
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Fig. 2. — Annual maps from 2012 to 2015 showing the mean somatic condition (SC) of hake recruits at each MEDITS sampling station in the
western and central Mediterranean Sea. Only hauls with at least five individuals were considered.
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Fig. 3. — Annual maps from 2012 to 2015 showing the GAM model predictions of hake recruits abundance in the western and central Mediter-
ranean Sea.

values of recruit abundance from the GAM model Y2
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southern Sicily (GSA 16) and central (Pomo Pit) and 0.05

southern areas of the Adriatic Sea, in the south of GSA
17 and the north of GSA 18, respectively (Fig. 3). The
lowest abundances were detected in the Alboran Sea
(GSA 1), the Balearic Islands (GSA 5), eastern Sar- o
dinia (eastern GSA 11), the southern Italian Peninsula
(GSA19 and the south of GSA 10) and the northern
Adriatic Sea, in the north of GSA 17 (Fig. 3).
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tual weight at length values equal to the expected ,COﬂd}ilFi(Lnd(StC) for GSAIS bll’ 67T}117 33%11719 d“t{igg the,“;h(ﬂel Pefrit?ld
weights at length), without a clear trend for GSA Land ™ e G ot Evo @ O o od in Teht blae O e
19 during the whole time series (Fig. 4). A significant £

increasing trend was detected in the cases of GSA 6 this GSA, none of the mean annual values were signifi-
(p<0.0001; R?>=0.67) and GSA 17 (p<0.01; R?=0.43). cantly above the overall mean.

This trend was steeper in GSA 6 from 2002 (p<0.0001; The time series of recruit abundance showed no
R?=0.84) than for the whole data series (1995-2015). significant trend in any GSA except GSA 6 (Fig. 5),
In this GSA the increasing trend drove mean annual in which a significant decreasing trend was detected
values from 2009, except in 2010, to be persistently (p<0.05; R?=0.15). Recruit abundance values were
above the overall mean calculated during the previous similar and minimum, not exceeding a mean of 1000

period, taking into account all GSAs (i.e. above mean ind. km=2 in GSAs 1 and 19 until 2001. Afterwards,
plus C195%=0.128) (Fig. 4). For GSA 17, the increas- GSA 1 continued showing low values, only barely
ing trend detected was still significant with the removal exceeding 1000 ind. km=2 in 2007 and 2014, whereas
of the extreme low value in 1995 (p<0.01; R?=0.39). In some peaks of recruit abundance (>2800 ind. km2)
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Fig. 5. — Trends of mean annual values of hake recruit abundance for
GSAs 1, 6, 17 and 19 during the years in which somatic condition
data were available.

were detected in GSA 19 in 2004, 2005, 2008 and
2012. In the case of GSA 17, recruit abundance ranged
from 800 to 1500 ind. km= between 1994 and 2008,
except in 2005 when a peak of 3500 ind. km=> was de-
tected. From 2009 to 2015 the values decreased and
remained between 270 and 570 ind. km=2. The GSA
6 showed the highest values of all GSAs for all years
except 2008 and 2012. In this GSA, a peak was de-
tected in 2006 when recruit abundance reached 6716
ind. km=2. Values remained well above 2500 ind. km~2
during most of the years before this peak, while dur-
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Index value

Fig. 6. — Mean annual values of climatic indices used as explanatory

variables in the multiple linear regression analyses. The represented

values of NAOi, MOi and WeMOi consisted of the average monthly

values of the 12 months previous to the start of the MEDITS sur-

veys, whereas in the case of the IDEA index, only recorded during
the winter, the mean of the winter months is represented.
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Table 2. — Summary of multiple regression analysis results for so-
matic condition in GSA 6.

Explanatory variable a-R? B d.f. t p
Recruits abundance -0.742 5.430 <0.00001
WeMO 0691 —0.445 -3.541  <0.01
IDEA -0.449 -3.258  <0.01

ing most of the years after the peak recruit abundance
did not reach 2000 ind. km2, with a minimum for the
whole time series in 2014 (1061 ind. km2).

None of the climatic indices analysed showed any
significant trend during the period 1994-2015 except
WeMOi, which showed a decreasing trend (p<0.01;
R?=0.37; Fig. 6).

The multiple linear regression models showed no
significant effect of recruit abundance or climatic indi-
ces on SC in GSAs 1, 17 and 19. Hence, the resulting
model parameters are not tabled. On the other hand,
a highly significant model (p<0.00001) was obtained
in GSA 6 by including recruit abundance and WeMOi
and IDEAI (Table 2). NAOi and MOi had no signifi-
cant effect and were removed from the final model.
The explanatory variables finally included in the
model explained 69% of the variability of SC. There
was a negative relationship between condition and
density of hake recruits and IDEAi and WeMOi. The
standardized coefficients estimated for the explanatory
variables (beta coefficients) showed that the most im-
portant variable was mean recruit abundance, followed
by IDEAi and WeMOi, with almost identical values of
beta coefficients (Table 2).

DISCUSSION

The general pattern of European hake somatic con-
dition in the western and central Mediterranean Sea for
the last four years showed a large proportion of hauls
with mean positive values in the westernmost areas.
GSA 6 showed the highest proportions of hauls with
mean positive values among all the GSAs analysed,
over 90%, showing the good condition status of hake
inhabiting this area compared with GSA 8 and 10,
where hake showed the lowest condition. However,
the evolution of condition since 1994 in the GSAs
with the longest time series of condition (GSA 1, 6,
17 and 19) showed that the current general pattern is
a quite recent one, not extending much further back
than the period in which condition data is available for
all GSAs (2011-2015). This period is included within
the period 2009-2015, in which the decreasing trend
in the abundance of recruits in GSA 6 showed a major
drop while the increasing trend in condition in GSA
6 became steeper and drove the mean annual values
above the overall mean of the period 1994-2008 (the
period in which none of the GSAs showed mean values
persistently above the rest).

Our analyses of the variables affecting recruit
condition did not include the spawning stock biomass
(SSB) resulting from the virtual population analysis
models shown in Figure 6, but rather the concur-
rent recruit abundance from MEDITS surveys which
somehow is related to SSB. Although the variations in
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spawning stock are considered one of the major drivers
in recruitment overfishing, the direct proportionality
between egg production (and recruitment) and SSB is
not always met, as in the European hake, for which the
total egg production and quality largely depend on the
age/size structure of the individuals in the spawning
stock (Mehault et al. 2010). Whereas the variability in
condition of hake in GSA 6 was explained to a large
extent (~70%) by a negative correlation with the abun-
dance of recruits and the IDEA and WeMO climatic
indices, neither recruit abundance nor climate vari-
ability showed a significant effect on the mean annual
condition of the rest of the GSAs. Although a signifi-
cant increase in mean annual condition was detected in
GSA 17, it must be stated that except for the extremely
low value detected in 1995, the remaining years were
not significantly different from the overall mean, hence
oscillating within the general ranges for all GSAs. In
GSA 17, the non-significant decreasing trend in recruit
abundance was not important enough to significantly
explain the trend in their condition, and/or co-occurring
environmental variations masked its effect.

In general, during the period analysed, the condition
in the four GSAs oscillated, with smaller or larger vari-
ations, above/below the mean, none of them showing
persistent maximum or minimum values in comparison
with the rest. This pattern in equilibrium ended in 2009,
when GSA 6 clearly deviated from the mean due to
its increasing trend in condition. In this area, the nega-
tive correlation detected between condition and recruit
abundance, i.e. density-dependent condition, may be
a response linked to the life history strategy of hake.
Life history strategies were first defined on the basis of
two end points, the r and k selections, which basically
include species that produce the largest possible total
number of offspring and those producing the offspring
with the highest possible fitness, respectively (Mac-
Arthur and Wilson 1967, Adams 1980). Winemiller
and Rose (1992) extended this r and k continuum, and
defined a model with three end points that fitted better
the strategies of fishes. In this model, a given species
can fall anywhere in the space defined by the opportun-
istic (small, rapidly maturing and short-lived fishes),
periodic (larger and highly fecund fishes with long
life spans) and equilibrium (fishes of intermediate size
that often exhibit parental care and produce relatively
few, but large offspring) strategies. Species classifica-
tion was simplified in Rose et al. (2001), who based
it on egg diameter (larger or smaller than 2 mm), as
a proxy for the degree of parental investment in indi-
vidual offspring and fecundity in number of eggs per
female (higher or lower than 25000). Hake is a batch
spawner with high fecundity and fast growth, which
reaches maturity when individuals are 2-3 years old
(Oliver 1993, Dominguez 2006, Mellon-Duval et al.
2009). According to El Habouz et al. (2011), the larg-
est diameter of eggs in ripening hake females barely
exceeds one mm, whereas the batch fecundity ranges
from around forty thousand to almost one million eggs
(average around three hundred thousand) for the small-
er and larger mature females, respectively. Recasens et
al. (2008) gave estimations of batch fecundity for hake

of between 17296 eggs for a female of 35 cm TL and
681489 for a female of 66 cm TL.

Hence, in the three-end-point space defined in Wine-
miller and Rose (1992), hake should be placed some-
where resembling the periodic strategists. According to
Rose et al. (2001) ‘the longevity and high fecundity of
periodic strategists should more than offset their low
early survivorship, resulting in periodic strategists hav-
ing the highest compensatory reserve’ (i.e. the capac-
ity of the population to offset variation in mortality),
among the three life history strategies. Furthermore,
as summarized in Cowan et al. (2000), ‘High fecundi-
ties of fishes ensure high early life stage abundances
that are subject to both density-independent controls
responsible for variability in recruitment, and density-
dependent regulation that stabilizes recruitment’.

Our results show that despite the large differences
in recruit abundance between GSA 6 and the remaining
GSAs from 1995 to 2003, the oscillations of condition
in the various GSAs before 2009 ranged up and down
the same basal level (overall mean). We hypothesize
that the compensatory reserve of hake in that period of
not heavily depleted spawner population was enough
to ensure high early life stage abundance in all GSAs,
and thus high densities of individuals at the early stage
of recruitment. At the beginning of this stage, densities
would be above the carrying capacity of each GSA.
Therefore, density-dependent mortality rates would af-
fect the population, either directly due to competition
for food or indirectly due to density-dependent growth
caused by that competition, which would extend the
small-size stages which are more exposed to predation
(Cowan et al. 2000, Lorenzen 2008). Mortality rates
would remain high, gradually reducing the population
of recruits until competition for food was relaxed and
individuals would be able to forage enough to achieve
a basal (minimum) condition, allowing them to survive
and grow. The basal condition found for all GSAs de-
spite their differences in recruit abundance supports
this hypothesis and suggests that density-dependent
mortality rates are an important mechanism stabilizing
hake recruitment to levels below or close to the carry-
ing capacity of the ecosystem in populations that are
not heavily exploited (i.e. not in recruitment overfish-
ing). In GSA 6, when recruitment overfishing reduced
the spawning stock, and consequently the early life
stages and recruitment abundance (GFCM 2017; Fig.
7), the competition for food among recruits would have
been lower and allowed individuals to achieve a better
condition than in the remaining GSAs. The increasing
trend in condition also suggests that fishing activity
rather than unfavourable environmental conditions is
the most likely cause of reduction in spawner popula-
tion and recruitment abundance.

In fact, climatic variability would involve a favour-
able environmental scenario for hake in GSA 6 during
the last few decades. WeMOi showed a significant
decreasing trend, with all values in the negative phase
from 2002. In GSA 6, the landings of fishing resources
such as sardine and anchovy have been related to
WeMOi variability (Martin et al. 2012), although for
both species the correlation found was positive and,
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Fig. 7. — Hake recruitment and spawning stock biomass trends re-

ported from the GFCM assessments in GSA 6 (GFCM 2017). The

trend of the mean annual values of hake recruit somatic condition
(SC) in GSA 6 is also shown.

with one year lag, contrary to that found in the present
work: negative and direct (i.e. the condition of hake
recruits was correlated with the WeMOi mean value of
the previous 12 months). Positive WeMOi values are
associated with higher runoff from the Ebre and Rhone
rivers. This fact, along with the lower sea surface
temperature and the predominance of northern winds,
which result in strong wind mixing that also occurs in
positive WeMOi phases, were considered favourable
environmental conditions for the overall biological
productivity in the northwestern Mediterranean. These
conditions would explain the positive correlation with
landings of sardine and anchovy in GSA 6, which are
based on recruits of one-year-old individuals (Martin
et al. 2012). On the other hand, torrential rainfall in
the western Mediterranean is clearly linked to the
negative phase of WeMOi (Martin-Vide and Lépez-
Bustins 2006). Moreover, extreme rainfall episodes
seem to be increasing in frequency in the northwestern
Mediterranean (Alpert et al. 2002), as would be ex-
pected from the decreasing trend of WeMOi. In the
north of GSA 6, heavy rainfall and the associated ter-
restrial runoff have been reported to drive the coastal
planktonic ecosystem from oligotrophy to a relative
eutrophication that triggers phytoplankton responses,
especially the increase in abundance of diatoms (Gua-
dayol et al. 2009). This increase in primary production
could ultimately increase the availability of trophic
resources for hake recruits, mainly fast-growing,
small-sized fishes such as gobids and small pelagics
(Mellon-Duval et al. 2017), explaining the negative
correlation found between condition and WeMOi. A
strong positive correlation between hake recruitment
and phytoplankton pigment concentration in the previ-
ous two months has already been reported in GSA 5
(Hidalgo et al. 2008), and was attributed to the subse-
quent enrichment of the trophic chain and the increase
in trophic resources available for this species, pointing
to a direct, non-delayed effect of increased primary
production on hake recruits similar to that found in the
present work in the adjacent GSA 6.
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A negative correlation between the IDEA index and
the abundance of recruits has already been reported in
GSA 5, indicating that negative values of the IDEA
index are related to favourable environmental condi-
tions for hake recruitment (Massuti et al. 2008). These
authors attributed it to a larger formation of Winter
Intermediate Waters in the Gulf of Lions, which reach
the northern continental shelf margin of the Balearic
Islands in greater quantity, reinforcing the Balearic
current and hence the productivity in this area. The
IDEA index showed no trend during the period ana-
lysed and, thus, although it may have contributed to
the inter-annual variability in hake recruit condition,
it should not be expected to have contributed to the in-
creasing trend detected in GSA 6. The general pattern
of better condition in the westernmost GSAs detected
in recent years may be a fishing effect, and the pos-
sibility that these GSAs are also suffering recruitment
overfishing should be considered, particularly in GSA
7. In this area, next to GSA 6, and also an important
area of hake recruitment in the western Mediterranean,
SSB and recruitment also show sharp declining trends
(GFCM 2017).

The main objectives of the research surveys at sea
in the European Data Collection Framework is “to
evaluate the abundance and distribution of stocks, in-
dependently of the data provided by commercial fish-
eries, and to assess the impact of the fishing activity
on the environment” [Article 12, Council regulation
(EC) N° 199/2008]. Our results highlight the useful-
ness of survey data in stock assessment and the diag-
nosis of the exploitation status of fish resources. These
data should be directly used in fisheries assessment
rather than just as tuning datasets for virtual population
analyses. However, the approach presented here will
be appropriate only for species whose recruitment can
be detected in coincidence with the surveys at sea. We
have shown that weight and length data collected dur-
ing fishery monitoring surveys can allow us to detect
changes in the condition of the exploited resources.
This simple morphometric data should be comple-
mented, when possible, with other biological data such
as liver weight, which better assesses the condition of
species such as hake, because its liver stores most of
its energy/lipid reserves (Lloret et al. 2012). We have
demonstrated that condition may be a useful index for
detecting recruitment overfishing, an exploitation state
particularly difficult to diagnose. This has been the
case for hake in GSA 6, where after years of decrease
in SSB and recruitment, recruitment overfishing had
not yet been diagnosed. The detection of this kind of
overfishing is of paramount importance in stock as-
sessment because failing to recognize it is one of the
critical reasons that can lead to the collapse of a stock
(Walters and Maguire 1996).
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