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Fish body condition and growth are two interrelated traits closely associated with species life history and fitness,
whose trade-off can ultimately impact population dynamics albeit seldom empirically demonstrated. They can
intricately affect survival rates, which are particularly relevant for species under exploitation. Using individual
spatiotemporal information in Northwestern Mediterranean, we document for the first time the existence of a

Red mullet is . . . L. . . .

. trade-off between condition and growth in regulating survival dynamics in two important fish species for the
Natural mortality X . . X X . X X K
Demography Mediterranean fisheries that are characterized by contrasting life histories. For the European hake (Merluccius

merluccius), a benthopelagic species, juveniles’ body condition was detected to be positively linked to survival
and negatively associated with the growth of this age group. For the red mullet (Mullus barbatus), the same
pattern was observed for young adults. We also show that the observed patterns on a regional level have a clear
spatial dependence as we found that observed body condition over a local scale had a broad effect on the
population dynamics of the whole region, with the Ebro delta area emerging as the demographic engine of the
two species. We discuss our results in the context of fisheries management and underline the importance of
improving current stock assessment models and spatially based fishery management towards incorporating body
condition and growth due to their influence on important parameters such as survival.

Population dynamics

1. Introduction including fish, and has broadly been used to quantify individual health

through the development and implementation of condition indices

Life history traits reflect species adaptations to the surrounding
environment. They are known to modulate biodiversity-ecosystem
functioning relationships and ecosystem services such as productivity
or stability (Farber et al., 2020; Massol et al., 2017), but also species
distributions and populations genetic differences and temporal dy-
namics (e.g. De Roos et al., 2003). Multiple linkages between life history
strategies and body condition have been documented — such as the effect
on reproductive output and breeding time (Brosset et al., 2016; Serrat
et al., 2019). Body condition, as defined in Bolin et al. (2021), is an
integrated measure of the physiological status of the fish. It constitutes
an important and very informative attribute of a variety of organisms,

(Stevenson and Woods, 2006). In fisheries science, information on body
condition of exploited marine taxa is associated with a plethora of bio-
logical traits and ecological processes such as survival, reproduction,
and offspring quality though it is rarely integrated in operational man-
agement and assessment frameworks (but see Casini et al., 2016a). All
these factors should render information on condition paramount for
applied research aimed at fishery management (Lloret et al., 2014).
Fish body condition is governed by many factors such as food
availability and trophic resources (Hidalgo et al., 2009; Rueda et al.,
2019), fishing impacts (Hiddink et al., 2016; Rueda et al., 2015), density
dependence (Casini et al., 2016b; Kjesbu et al., 2014; Rueda et al., 2015)

* Corresponding author. University of the Balearic Islands, Carretera de Valldemossa, km 7.5, 07122, Palma, Balearic Islands, Spain.
E-mail addresses: georgios.kerametsidis@uib.eu, georgios.kerametsidis@ieo.csic.es (G. Karametsidis).

https://doi.org/10.1016/j.marenvres.2022.105844

Received 5 July 2022; Received in revised form 2 December 2022; Accepted 6 December 2022

Available online 10 December 2022

0141-1136/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:georgios.kerametsidis@uib.eu
mailto:georgios.kerametsidis@ieo.csic.es
www.sciencedirect.com/science/journal/01411136
https://www.elsevier.com/locate/marenvrev
https://doi.org/10.1016/j.marenvres.2022.105844
https://doi.org/10.1016/j.marenvres.2022.105844
https://doi.org/10.1016/j.marenvres.2022.105844
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marenvres.2022.105844&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Karametsidis et al.

in addition to a variety of environmental factors such as primary pro-
ductivity (Rueda et al., 2015; Véron et al., 2020), sea surface and bottom
temperature (Laurel et al., 2016; Rueda et al., 2014; Véron et al., 2020)
and salinity (Rueda et al., 2015; Véron et al., 2020). As energy reserves
directly affect essential biological functions, such as growth, survival
and reproductive success, condition indices have been employed by
various studies to assess individuals health and fitness as well as popu-
lation health and their spatial and temporal patterns (Rueda et al., 2019;
Véron et al., 2020). Numerous condition indices have been developed
serving as proxies of the quantity of energy stored within an individual
or of habitat quality (Lloret et al., 2014; Stevenson and Woods, 2006).
The use of condition indices is becoming more and more frequent as they
can provide essential information on the effects of environment and
human perturbations on fish populations (Lloret et al., 2014).

Besides condition, growth is another important life history trait for
organisms. Fish allocate the assimilated energy according to their
physiological state and the trade-off between growth, survival and
reproduction (Gunderson, 1997). Growth, for instance, is a fundamental
physiological process influencing the state and dynamics of fish stocks
by directly or indirectly affecting the maturity, fecundity as well as
natural and fishing mortality of individuals (Lorenzen 2016 and refer-
ences therein). Growth is indeed particularly relevant along the first
stages of the life cycle when the natural mortality rate is higher. That is,
young individuals that increase in length faster are more likely to sur-
vive. This is explained by the need of immature individuals to focus on
maximizing their growth in length to avoid being preyed while in-
dividuals that have reached maturity mainly invest their energy to
gamete production and reproductive behavior (Saborido-Rey and
Kjesbu, 2005). Evidence suggests that there is a trade-off between body
condition and growth, i.e. a decrease in growth rate occurring in return
of an increase in condition and vice versa, but this is highly
species-specific and has mainly been investigated in younger age classes
(Rueda et al., 2015). This trade-off has been observed in several fish
species (e.g. Kingsbury et al., 2020), although a positive correlation
between growth and body condition has also been documented (Bentley
and Schindler, 2013) with most studies, however, either addressing only
one age class or only examining the growth accumulated over a short
period of time (<1 year). With such discrepancies in the link between
condition and growth among different species, often complemented by
study-specific limitations, it can fairly be inferred that this link can be
highly species-specific and should further be investigated across multi-
ple age-classes as well.

One of the overarching goals of fisheries assessment has been to
elucidate the mechanisms that regulate the abundance and persistence
of wild populations in space and time (e.g. Minto et al., 2008). In this
context, it is pivotal to understand temporal and spatial variability of
survival (Minto et al., 2008), in which the influence of life history traits
is also known to be central. This is particularly related to the natural
mortality rate (M) currently used in fisheries assessment models which
has been assumed to be constant with a temporally invariant age-based
vector. Omitting the temporal variability of M or its impact on the
under- and overestimation of fishing mortality (F) and the related
reference points generates a considerable bias in stock assessments
(Jorgensen and Holt, 2013; Punt et al., 2021). Recent research evidenced
that spatiotemporal information of body condition can be related to the
dynamics of natural mortality (Casini et al. 2016a), however this
application has not been extended. Maternal effects such as female total
length (TL) and condition on hake recruitment success have been
documented (Garcia-Fernandez et al., 2020), but they have not been
implemented in regular assessment schemes either. Although it has been
speculated that body condition regulates juveniles’ survival (Gror-
ud-Colvert and Sponaugle, 2006), there still is limited information
available for large commercial marine stocks.

The Mediterranean Sea has been witnessing elevated pressure from a
variety of anthropogenic perturbations, including intense fisheries
(Piroddi et al., 2017). A very high percentage (75%) of Mediterranean
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stocks are currently overexploited (FAO, 2020). European hake, here-
after hake, (Merluccius merluccius) represents the most paradigmatic
species of this alarming overexploitation trend along with other
demersal species of high commercial value, such as the red mullet
(Mullus barbatus), whose fishing mortality rates can be up to ten (hake)
or eight (red mullet) times higher than the optimal value in some cases
(e.g. Colloca et al., 2017). While great effort is currently invested in
protecting both nursery (i.e. recruitment) and spawning areas of hake
(Druon et al., 2015), juveniles, a highly fishery-impacted life stage, are
not efficiently protected by regulations.

Fishing mortality and environmental factors are considered the pri-
mary drivers in the population dynamics of fish species, though there
still is a knowledge gap regarding the relative effect of growth, condi-
tion, or environmental drivers in shaping juveniles’ survival. In the
present study, we explore the hypothesis that condition and growth
affect the survival -expressed in two different metrics, as regular survival
and recruitment success-of two of the most important commercial spe-
cies in the Mediterranean Sea, hake and red mullet. We examined the
relative effect of growth, condition, and environmental factors on sur-
vival, and whether the contribution of condition or growth can change
in hake and red mullet, two species with starkly contrasting life histories
and habitats. We further investigated the potential influence of condi-
tion at sub-regional level by examining whether the linkages between
condition and demographic processes such as survival or recruitment
success detected at regional scale are also observed at sub-regional scale
in order to identify potential demographically important areas. We
discuss the implications of our results in the context of stock assessment
and spatially based fishery management.

2. Materials & methods
2.1. Selected species

The selected species, hake and red mullet, are of high commercial
value for the Mediterranean demersal fisheries (e.g. Papaconstantinou
and Farrugio, 2000; Piroddi et al., 2017; Sion et al., 2019). Though they
are both demersal, they exhibit contrasting life history strategies,
favorable habitats and trophic preferences and interactions. The conti-
nental shelf and coastal areas constitute the nursery sites for hake and
red mullet, respectively (Druon et al., 2015; Paradinas et al., 2020).
Hake exhibits daily vertical migrations in contrast to the red mullet
which predominantly inhabits sandy and muddy bottoms and is char-
acterized by a more benthic behavior (Bozzano et al., 2005; Tserpes
et al.,, 2019). From an exploitation perspective, specific age groups of
both species are targeted by commercial bottom trawls in the Mediter-
ranean. Hake recruits (age-0) and juveniles (age-1) are the most
impacted age classes while the catchability and fishing pressure on
adults is comparatively lower (i.e. the known as ‘spawning refugia’,
Caddy, 2015). All red mullet specimens older than age-1 are targeted by
fisheries (Colloca et al., 2013).

2.2. Survey fish sampling and stock estimates

Data on the selected species were obtained from international
MEDITS bottom trawl surveys that have been conducted on an annual
basis between spring and early summer since 1994 (Spedicato et al.,
2019). This study covers the trawlable waters off the coast of Northern
Spain within the Geographic Sub-Area (GSA) 6 from 10 to 800 m depth
(Fig. 1). Further specifications about the MEDITS sampling can be found
in (Bertrand and Spedicato, 2017). Here we used individual weight and
length information available from 1994 to 2017 for hake and from 2008
to 2017 for red mullet.

All individuals were grouped into age classes that are currently used
in the GFCM stock assessment working groups (Anonymous 2017).
These age-classes are time invariant but they are appropriate for the
scope of this study as we overcome the challenges of otolith-based age
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Fig. 1. Overview of the study area with the hauls that were carried out from
1994 to 2017. The dotted line represents the boundaries of the Geographic Sub
Area (GSA) 6 and the blue line represents Ebro River.

determination described for both species (Belcari et al., 2006; Carbonara
et al., 2018), and they will allow direct comparison with assessment
reports and other studies that utilize data from MEDITS surveys and
current fisheries assessment. For both species, age-slicing remains the
preferred method for age determination in the GSA 6 as age-length keys
have not yet officially established for the species in the area while great
variability is documented across the Mediterranean with regard to age
determination from annuli (e.g. Carbonara et al., 2018). For hake, age
classes were determined as follows: recruits (age-0, less than 15.5 cm),
juvenile males (age-1, between 15.5 and 29 c¢m) and juvenile females
(age-1, between 15.5 and 32.5 cm) and adult males (age-2+, more than
29 cm) and adult females (age-2+, more than 32.5 cm) (Garcia-Ro-
driguez and Esteban, 2002). Red mullet specimens were grouped as
follows: recruits (age-0, less than 11,1 cm), young adults (age-1, be-
tween 11.1 and 17.9 cm), adults of age-2 (between 17.9 and 22.6 cm)
and adults of age-3+ (more than 22.6 cm) (Demestre et al., 1997). These
length-at-age relationships were used in the latest assessment of red
mullet in the Western Mediterranean (Rodriguez, 2021). Due to limited
data on age-2+ of hake and age-0 of red mullet, these age groups were
excluded from the rest of the analyses. Data on abundance were stand-
ardised to number of individuals per km? (n/km?) using the swept area
to obtain density estimates per haul, age class and year. The stratified
mean equation by Souplet (1996) was employed to calculate the abun-
dance indices per haul and age class and year. A mean length per haul,
sex, age class and year was also calculated.

Data deriving from the regular assessments of the Geographic Sub
Area (GSA) 6 (Northern Spain) were also used to retrieve information
about spawning stock biomass (SSB) and recruitment (R) estimates (Gil
et al., 2021; Rodriguez, 2021; https://www.fao.org/gfcm/data/sa
fs/en/).

2.3. Mean length and condition indices

Specimens from both species captured in the surveys were counted,
sexed, measured to the nearest 0.5 cm below and weighted to the nearest
0.1 g. Sex could not be determined only for a very small fraction of red
mullet specimens which were excluded from the analyses. In regard to
hake, the sex of the majority of recruits (age-0) could not be determined,
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however, considering that both sexes in this age group have similar
patterns on mean length (ML), abundance, survival and spatial patterns
for the age classes considered herein (Hidalgo et al. 2019a), the two
sexes were combined and treated as a single entity for the rest of the
study.

We used the relative condition index (Ky; Le Cren, 1951) as a proxy of
body condition, which is widely utilized in fisheries science (Gubiani
et al., 2020) and has previously been applied for the examined species
(e.g. Giicii et al., 2021; Hidalgo et al., 2008). For each individual i, Ky
was calculated as Kn; = 100(W;/W’;), where W; is the actual weight and
W’; is the predicted weight from the length weight equation W’ = a x
(TL)®, with TL being the total length. We used Ordinary Least Squares
(OLS) regression after detecting a very strong correlation between OLS
and another applicable regression method (supplementary material).
Preliminary analysis showed no statistical differences in condition be-
tween males and females of hake juveniles (age-1) and thus condition
indices were estimated for all individuals of this age class together.
Differences between the two sexes were detected, however, in pre-
liminary analyses for the red mullet in all age classes. Therefore, the
condition was estimated separately for each sex and then all specimens
of the same age class were pooled together in the same data set for
posterior analyses.

In addition to K;, a second condition index was calculated by
retrieving the residuals from the linearized regression of the length—
weight relationship and standardising them by dividing each residual by
the standard deviation of the predicted values (SR; = residual;/standard
deviation) (Labocha et al., 2014).

2.4. Survival, growth, and recruitment success

Survival (S) per age class per year was calculated using the annual
abundance indices from the surveys. Given two consecutive years, t-1
and t, we calculated an index of survival (S) between age a and the
ensuing age a+1 as follows:

Sta—a+1)t = Xwar1), t Xar-1) (€]

where X 1), + and X, 1) are the natural logarithms of the annual
abundance index of age a+1 and age a, respectively.

An index of growth (G) per age class between years was calculated
based on the mean length obtained by MEDITS as follows:

Ga—ari)e = Yar1), 1= Yae1) 2

where Y1), r and Y (1) are the natural logarithms of ML of age a+1
and age a, respectively.

Finally, Recruitment Success (RS) index was obtained by dividing the
recruitment R (youngs-of-the-year, age-0), in terms of recruit number, of
ayear t by the total Spawner Stock Biomass (SSB) of the preceding year t-
1:

RS, =R,/ SSB 1.1 3

2.5. Environmental data

To examine whether environmental variability exerts an additional
or more robust effect than condition and growth do on survival, several
environmental and hydroclimatic variables and indices were used. Two
potential local environmental drivers from remote sensing were
selected: primary productivity in terms of chlorophyll a (chl-a) con-
centration (E.U. Copernicus Marine Service Information, https://doi.
org/10.48670/moi-00300) and sea surface temperature (SST) (E.U.
Copernicus Marine Service Information, https://doi.org/10.25423
/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1), whose effect on
the two selected species and other demersal communities has already
been shown in other studies (e.g. (Cook and Heath, 2005; Levi et al.,
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2003; Rueda et al., 2014). Bottom temperature was not included in this
study as it is generally more conservative than temperatures in the rest
of the water column (Hiddink and Ter Hofstede, 2008) and thus it would
not be expected to significantly affect survival and growth dynamic.
These variables were previously found to be important as observed in
species-specific responses and low trophic level effects (Hidalgo et al.,
2019a; Puerta et al., 2014; Rueda et al., 2014). Seasonal averages of sea
surface temperature and chl-a were calculated corresponding to a cool
(including December of the previous year, January, and February of
current year) and a warm season (May, June, and July of current year).
The cool period average corresponds to the main phytoplanktonic bloom
and to a delayed response of the model species to the physical variables
they are subjected to; the warm period average lines up with the time
that MEDITS trawl surveys are conducted. Averages were calculated
over the whole study area from 1994 to 2017 for SST and from 1998 to
2017 for chl-a.

In addition, two climatic indices broadly applied in this region were
used. The Regional Hydroclimatic Index (RHI) (Monserrat et al., 2008)
has been documented to have a close relationship with the recruitment
success of hake (Massuti et al., 2008a; Hidalgo et al., 2011; 2019a). RHI
(also referred as IDEA index in other studies) is used as a proxy of
Western Mediterranean Intermediate Water (WIW) formation in the
Gulf of Lions during winter based on air-sea heat exchange anomalies in
the North-Western Mediterranean, and has been related to the
inter-annual variability of WIW characteristics as well as to the seasonal
surface circulation and primary production patterns in the region (Bal-
bin et al., 2014; Monserrat et al., 2008). Furthermore, the Local Climatic
Index (LCI) (Molinero et al., 2005) was also applied. In particular, LCI
quantifies an integrated hydroclimatic variability at the regional scale,
synthesizing the air temperature, sea surface temperature, atmospheric
sea level pressure, 500 hPa geopotential height, and precipitation rates
at a monthly scale by means of the first axis of a Principal Component
Analyses. High LCI values are associated with higher atmospheric sea
level pressure and 500 hPa geopotential height, and negative values
with high precipitation rate. It has been used in previous studies (Hi-
dalgo et al., 2011; Puerta et al., 2014). LCI was also seasonally calcu-
lated for the cool and warm seasons.

2.6. Statistical analyses

For descriptive purposes, we employed Generalised Additive Models
(GAMs) to reveal the mean geographic pattern for each age class of Kn
and ML. Interannual differences in for Kn and ML for both species and all
age classes were also explored.

Generalised Linear Models (GLMs) (Nelder and Wedderburn, 1972)
with a Gaussian distribution and identity link were used to test the effect
of explanatory variables on survival and growth while GLMs with a
Gamma distribution and log link were used for the effects on the
recruitment success. For an i response variable Y and j explanatory
variables X, the model can be written as:

P
Yi=a+ ) BXi+e )
=1

where « is the intercept, fj are regression coefficients (slopes) and p is
the number of explanatory variables included in the analysis.

The explanatory variables included the mean length (ML) and the
condition index (K,) for different age classes and all environmental
variables described above. As growth directly derives from ML, the latter
was not included in the models of growth. Additionally, growth was
included as an explanatory variable in the models of survival and
recruitment success for both species. To test for collinearity among the
environmental variables, we estimated the Pearson’s correlations
among them. No strong correlation was detected in the set of the envi-
ronmental variables (all R2<|O.6|). Model selection was based on
Akaike’s information criterion (AIC) minimization as well as model
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diagnostics. Models with Delta AIC values (AAIC: difference in AIC from
the single best model) of less than 2 were considered equally plausible
(Burnham and Anderson, 2001). For every model, residuals were
checked for variance homogeneity and absence of temporal autocorre-
lation in the residuals.

To identify small-scale areas that are closely associated with the
processes indicated by the best model on regional scale, that is areas
where the observed patterns are more pronounced and prevailing, we
selected the best models in which ML or K, were included as explanatory
variables, and we replicated them spatially. To do that, we first divided
our study area into cells of 0.5° and we fit the model with the same set of
covariates as the best regional model, after having calculated ML and K,
for each age and grid cell. Following that, we replicated the best model
for each cell using the ML or K, information associated to the given cell
and the environmental covariates of the best regional models. We
retained the coefficient (i.e. slope) associated to K;, and/or ML effect and
represented spatially as a measure of the strength of the effect. Only the
cells with a p-value <0.1 or p-value <0.05 were plotted, representing
areas of high prevalence of the effect and hotspots, respectively. This
approach allowed us to reveal the areas where the relationship
demonstrated by the respective GLM (Table 1) was prevailing spatially
assuming that all the other regional covariates (e.g. environmental
covariates) remain constant for the whole region.

All statistical analyses were performed in R version 3.6.2 (R Core
Team 2020). In particular, the package “mgcv” (Wood, 2011) was used
for the computation of GAMs.

3. Results

Overall, 37964 specimens of hake and 10677 specimens of red mullet
were collected from 1994 to 2017 and from 2008 to 2017, respectively.
Individuals were caught over a mean of 59.8 (+17.2) and 50.1 (+14.8)
hauls in our study area per year (Fig. 1).

3.1. Mean spatial and temporal patterns of ML and K,

Figs. 2 and 3 depict the mean spatial and temporal patterns of K;, and
ML per age class. Hake recruits of better condition were found in coastal

Table 1

Covariates of the best GLMs obtained to model survival, growth and recruitment
success as response variables for the three best models, when three models with
significant covariates are available. Models were independently performed for
all individuals. Signs in parentheses represent the direction of the effect in the
response variable (positive effect, +, and negative effect, -). Adjusted R? (R%adj),
AIC and AAIC for each model are also displayed. ***, p < 0.001; **, p < 0.005; *,
p < 0.05. So1, S12, S23 and Go1, G2, Go3 represent the survival (S) and growth (G)
from age-0 to age-1, from age-1 to age-2 and from age-2 to age-3, respectively.
RS: recruitment success, Kn: body condition, ML: mean legth, SST: Sea Surface
Temperature, LCI: Local Climatic Index, RHI: Regional Hydroclimatic Index, _w:
warm season, _c:cool season.

Response variable Explanatory variable(s) Rgdj AIC AAIC
Hake
So1 Kn,age1**(+), MLageo*(++) 0.49 25.309 0
Gor RHI*(+) 0.18 —35.297 0
RHI *(+), LCLw(+) 0.20 —35.024 0.27
Kp,age1(—), LCLw(+) 0.20 —34.946 0.35
RS Go1(+H), RHI*(-) 0.101 22.449 0
Chlw(-), Kp,age2(t-1)(—) 0.14 23.681 0.23
RHI(-), Knageo(—) 0.03 24.137 1.69
Red mullet
S12 MLage1-1)* (+) 0.45 11.280 0
G12*(-) 0.39 12.256 0.98
MLagea(e-1y*(+) 0.36 12.766 1.49
Sas3 LCLc***(—) 0.79 1.006 0
G2 © 0.56 —41.825 0
Ga3 [ 0.38 —57.742 0
RS SST_c (+) 0.31 —5.965 0
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identity link was used for the GAMs in a, b, ¢ and e and Gamma distribution with log link was used for GAMs in f and g.

waters where three distinct hotspots of high condition can be detected: waters further offshore in front of Ebro Delta to an area extending from
the southern Gulf of Valencia, northeast of Ebro Delta, and off the the north of the Gulf of Valencia to the southern Catalan Coast (Fig. 2b).
Catalan Coast (Fig. 2a). Hake juveniles exhibited the highest K, in The highest values of ML for hake recruits (Fig. 2d) were observed in
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coastal waters near Ebro Delta, either southwards or northwards.
Conversely, hake juveniles presented the highest values of ML in
offshore waters and, particularly south of Ibiza Channel, with lower
values observed in coastal waters (Fig. 2e). At a temporal scale, mean
condition showed greater variation in the case of hake recruits (99.31 +
4.27) and juveniles (101.20 + 3.49) (Fig. 2c) compared to all age classes
of red mullet which showed a more stable trend; age-1: 100.28 + 2.41,
age-2: 100.63 + 1.70 and age-3: 98.32 + 1.72 (Fig. 3d). We found sig-
nificant increasing trends in K, of hake recruits and ML of juveniles
across the time series (regression slope, sl = 0.188 and sl = 0.075, both p
< 0.05). Large fluctuations in ML of recruits (10.19 + 0.81) and juve-
niles (20.50 + 1.11) (Fig. 2f) were detected with variations of up to 4 cm
for both age classes. The lowest values for recruits and juveniles were
observed in 2006 and 2005, respectively.

Red mullet young adults (age-1) and age-2 adults showed similar
spatial patterns for K, where the highest values were observed northeast
of Ebro Delta (Fig. 3a and b). Age 3+ specimens had the highest values of
K;, in the area south-southwest of Ibiza Channel (Fig. 3c). Young adults
and age-2 adults exhibited similar spatial patterns of ML in our study
area (Fig. 3e and f). Individuals with greater lengths preferred waters
further offshore with higher concentrations on the south and southwest
of Ibiza Channel. Lastly, age-3+ individuals with higher values of ML
were associated to the northernmost part of the study area close to the
French border (Fig. 3g). At temporal scale, all red mullet specimens
showed the highest value of Kn in 2009 followed by a sharp decrease in
2010, when the minimum value for adult individuals was observed
(Fig. 3d). Red mullet ML exhibited slighter fluctuations (young adults:
14.57 + 0.55, age-2 adults: 19.40 + 0.30, age-3+ adults: 23.75 + 0.36)
with the maximal difference between two separate years being
approximately 2 cm observed in specimens of age-1 (Fig. 3h).

3.2. Temporal variations in survival, recruitment success and growth

Hake survival estimates from age-0 to age-1 ranged between —5.50
and —1.33 (Sp; = —2.57 + 0.87) (Fig. 4a). For the red mullet, the sur-
vival estimates from age-1 to age-2 ranged between —2.23 and 0.23 (S12
= —1.37 £ 0.56) while the one from age-2 to age-3 ranged from —2.19
to —0.37 (S23 = —1.34 £ 0.40) (Fig. 4d). A positive value of survival
observed in 2006 indicates that the number of age-2 specimens in 2006
was higher than the number of age-1 specimens in the preceding year.
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This is linked to a sharp increase in abundance across all age classes of
red mullet observed in 2006 (Appendix S11) which is possibly associ-
ated with an immigration of individuals from neighboring regions due to
underlying connectivity processes or with an unknown to us peculiarity
in the sampling procedure of that year.

Growth estimates for hake individuals fluctuated from 0.48 to 0.86
(Go; = 0.69 + 0.1) (Fig. 4b) while the same estimates for red mullet
showed more limited fluctuations across the whole time series (Gi2 =
0.30 £ 0.03, G3 = 0.21 + 0.02) (Fig. 4e). Finally, recruitment success
(RS) estimate for hake ranged from 4.65 to 5.94 (RS = 5.04 + 0.3) across
the years while the same estimate for red mullet only reached a plateau
of 2.54 (RS = 2.25 + 0.14).

3.3. Drivers of survival, recruitment success and growth

Table 1 shows the three best models for the survival, growth and
recruitment success for the two study species. For hake, the survival
from recruit to juvenile stage is positively influenced by the body con-
dition of juveniles and the mean length of the recruits. Growth from
recruit to juvenile stage was found to be positively influenced by the
Regional Hydroclimatic Index (RHI) although the condition of juveniles
was found to exert a negative effect on the growth too. The best GLMs for
RS revealed a positive association with the growth from recruit to ju-
venile stages, complemented by a negative effect of the condition of
adults of the previous year, the RHI and the chl-a concentration in cool
season.

For the red mullet, the survival from age-1 to age-2 was found to be
positively affected by the mean length (ML) of the preceding year’s
young adults. A strong negative effect of the local climatic index (LCI_c)
on the survival from age-2 to age-3 was also detected. Growth from age-
1 to age-2 was negatively affected by the body condition of age-2
specimens while growth from age-2 to age-3 seems to be governed by
the local climatic index but, in this case, with the warm season average
(LCLw). Finally, RS for the red mullet was found to be positively affected
by the cool season sea surface temperature.

3.4. Spatial effect of the condition and mean length on survival

We considered all the best GLMs of Table 1 including the explanatory
variables that were spatially variant (i.e. ML and/or K;) for which we
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Fig. 4. Time-series of survival (