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Abstract

We investigated the effects of three sea surface oceanographic variables (temperature,
salinity and chlorophyll a) on the abundance of eggs and larvae of two summer-spawning
species in the NW Mediterranean sea, the anchovy Engraulis encrasicolus and the round
sardinella Sardinella aurita, based on data from ichthyoplankton surveys carried out in the
1980s, 2000s and 2010s. The environmental data showed an increase in sea water
temperature and salinity along time, coupled with a decrease in chlorophyll a (proxy for
primary production). These long-term directional changes in environmental conditions helped
explain the important reduction observed in the abundance of eggs and larvae of anchovy, as
well as shrinking of spawning habitat in this species. At the same time, the probability of
occurrence of round sardinella has increased from practically zero in the 1980s to
probabilities near 1 along the coastal area of the study region in the two decades of the 21
century. Given that the trends observed in the environmental variables along the three
decades of study are expected to continue during the 21% century, as a consequence of
climate change, the spawning habitat of anchovy is expected to continue decreasing, while
round sardinella habitat can expand. Considering that anchovy is of high commercial
importance in NW Mediterranean fisheries, while round sardinella has very low commercial
interest, our results show that the viability of small pelagic fisheries in the area may be

compromised.
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1. Introduction

Small pelagic fishes aggregate at different spatial scales, whose extent and distribution may
vary in time. In particular, the spawning grounds of small pelagic fishes are known to expand
or contract following changes in abundance of the reproductive stock (Checkley et al., 2009;
Giannoulaki et al., 2013; Saraux et al., 2014). The populations of small pelagics are naturally
subject to strong abundance fluctuations (Checkley et al., 2017) which may be more
pronounced in those species under heavy fisheries exploitation, where age class structure is
usually truncated with very low individuals in age classes beyond 1 or 2 year olds. Changes
in the location and extent of spawning habitat for species of commercial interest have
received a lot of research attention (inter alia, Giannoulaki et al., 2013; Saraux et al., 2014;
Brosset et al., 2017). Results have shown that these changes depend on a complex interaction
of environmental factors, both physical (temperature, salinity, currents or other
oceanographic structures) and biological (productivity, usually estimated with the proxy of
satellite-derived chlorophyll). The spawning habitat of small pelagic fish can be characterized
from information derived from acoustic surveys (Saraux et al., 2014) or ichthyoplankton
surveys (Checkley et al., 2000; Palomera et al., 2007), which if carried out at the appropriate
time of the year, provide direct estimates of eggs and larvae production, directly linked to
spawning (van der Lingen and Huggett, 2003).

In areas of the world with a strong tradition of fisheries biology applied to fisheries
management, standardized ichthyoplankton surveys are routinely employed to monitor the
abundance and spatial distribution of early life stages of fishes of commercial interest (Smith
and Moser, 2003; van der Lingen and Huggett, 2003). In the western Mediterranean, long-
term monitoring programmes are not available, but we re-analysed data from seven
ichthyoplankton surveys carried out non-continuously over a 30 year period (1983-2012)
along the Catalan coast to monitor the early life stages of summer spawning small pelagic
fish, European anchovy (Engraulis encrasicolus) and round sardinella (Sardinella aurita).
European anchovy is a species of high fisheries interest in the Mediterranean and northeast
Atlantic, ranking second (after sardine Sardina pilchardus) in volume of landings in the south
European seas (36 to 44° latitude) (FAO FishStat database, 2018). Evidence from acoustic
and ichthyoplankton surveys and fisheries landings suggests that anchovy stocks have

decreased markedly in this area (inter alia, Taboada and Anadon, 2016; Brosset et al., 2017),
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while round sardinella, a subtropical species, is increasingly abundant in the NW
Mediterranean (Sabatés et al., 2006; 2009; Maynou et al., 2014). The main species of
commercial interest, the winter-spawning sardine, shows also a strong decrease in biomass
(van Beveren et al., 2016; Brosset et al., 2017).

Environmental change has been predicted to cause irreversible changes in the spatial
distribution, behaviour and productivity of species, potentially leading to invasions,
extinctions and a decrease in the fisheries catch potential (Portner et al., 2014). Compared to
adult stages, fish early life stages are typically constrained in space and time. This is due to
the narrower physiological tolerance of environmental conditions and lower locomotion
abilities of larval stages, but also to very specific habitat requirements during spawning and
larval phase (Ciannelli et al., 2015). Spatiotemporal changes in egg and larval abundance can
be a sensitive indicator of environmental change, and pelagic fishes are particularly sensitive
to changes in water masses. Understanding of the mechanisms relating environmental
changes to the extent of spatial and temporal location of suitable spawning habitats of small
pelagic fish is a key first step to predicting and projecting such future changes, and thereby

adapting to these changes (McClatchie et al., 2018).

The causes for the strong reduction in the abundance of small pelagics in the south European
seas are complex, but research results usually highlight excessive fishing pressure and
adverse environmental conditions in the last two decades (possibly linked with climatic
change) (Martin et al., 2012; Taboada and Anadon, 2016; van Beveren et al., 2016; Coll et
al., 2018). The combined effect of these drivers has resulted in unbalanced demographic
structures of the small pelagic stocks, with individuals in poor condition (Brosset et al. 2017)
that delay growth and favour earlier maturity (Brosset et al. 2016). Because the amount of
eggs produced (fertility) of fishes is directly, but non-linearly, related to fish size and
condition, the overall effect of this unbalanced demographic structure is diminished
reproductive potential (Ganias et al. 2014) and, possibly, increasing frequency of years with

poor recruitment.

The objectives of the work are to assess trends in abundance and changes in the spatial

distribution of early life stages of the two summer spawning small pelagic species in the
Mediterranean (anchovy and round sardinella) from ichthyoplankton surveys carried out
along a thirty-year period and identify environmental factors that explain these changes.
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Establishing a spatial model of dependence of early life stages on environmental factors can
be useful to forecast the effect of future changes in these environmental variables (e.g. due to

climate change) on fish spawning habitat.

2. Material and Methods

2.1 Data source

The full data set of ichthyoplankton used came from three biological-oceanographic research
programs conducted by the Institute of Marine Sciences in Barcelona
(http://www.icm.csic.es) along the Catalan coast (Fig. 1): ARECES 1980s (June and July
1983), CACO 2000s (July 2003; June and July 2004), and FISHJELLY 2010s (June 2011;
July 2012). Samplings were conducted with the R/V Garcia del Cid in June and July, peak
of spawning of anchovy and round sardinella in the northwestern Mediterranean (Palomera et
al., 2007). In all surveys, the same area was covered and the same sampling methodology was
applied. While 2-3 surveys per decade over a thirty year period may seem low, the sampling
surveys encompass a wide mesoscale area, covering the spawning grounds of the two study
target species. This strengthens the robustness of the results and allows to detect possible
changes not only in abundance but also to the spatial distribution. Moreover, the
ichthyoplankton samplings include in situ measurement of hydrographic parameters allowing
to study changes in the spatial distribution in time and in relation to environmental
conditions. Sampling stations were placed along 17 transects perpendicular to the shoreline,
from near the coast to the shelf break. On each transect, stations were placed between 14 and
16 km apart, and the distance between transects was around 18.5 km. The total numbers of

sampled stations, ranged between 44 and 65 (Table 1).

Ichthyoplankton samples were collected both day and night using a bongo net of 300 pum
mesh size and 60 cm of diameter. Net towing speed was approximately 2 knots. Hauls were
oblique from a maximum depth of 200 m to the surface (or from 5 m above the bottom to the
surface at stations shallower than 200 m). The volume of filtered water was estimated by a
flowmeter placed in the center of the net mouth. Zooplankton samples were fixed
immediately after collection in 5% formaldehyde buffered with sodium tetraborate. In the

laboratory, fish eggs and larvae were sorted and identified from the preserved samples. Eggs
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and larvae of S. aurita and E. encrasicolus collected at each station were standardized to a
number per 10 m? of the sea surface.

In all cruises, except in July 1983, hydrographic conditions, temperature and salinity, were
obtained at each station with a CTD probe. In July 1983, 5-liter Niskin bottles fitted with
reversing thermometers were used with samples collected at standard depths; salinity
measurements were taken with an induction salinometer. In all cruises, water samples were
collected at different levels of the water column to determine chlorophyll a concentration (see

Sabatés et al., 2009 for methodological descriptions).

2.2 Environmental variables
At the ichthyoplankton sampling stations, CTD casts (Niskin bottles in July 1983) were
obtained which allowed to derive the following environmental variables:
- Sea Surface (5 m) Temperature (SST, °C)
- Sea Surface (5 m) Salinity (SSS)
- Sea Surface (5 m) Chlorophyll a (Chl a 5m; mg m?)
- Intermediate (20 m) Chlorophyll a (Chl a 20m; mg m)
- Depth of Chlorophyll a Maximum (DCM, m)
- Chlorophyll a at the DCM (Chl a DCM; mg m™)
- Deep (60 m) Temperature (T60, °C)
- Deep (60 m) Salinity (S60)
- Deep (60 m) Chlorophyll a (Chl a 60m; mg m™)
- Deep (75 m) Temperature (T75, °C)
- Deep (75 m) Salinity (S75)
- Deep (75 m) Chlorophyll a (Chl a 75m; mg m™)

However, not all variables could be determined at all sampling stations. In particular, missing
data for the variables at the deep levels (Chl a DCM, T60, S60, Chl a 60m, T75, S75 and Chl
a 75m) accounted for over 20% of the total in the 1980s samplings. Pairwise correlations
showed that several variables were correlated (Pearson’s |r| > 0.6), suggesting that statistical
analysis might reveal problems of multicollinearity. For these reasons, only 3 uncorrelated
environmental variables were selected as explanatory variables: SST, SSS, Chl a 20m.

Intermediate Chl a 20 m was chosen to represent surface chlorophyll over the reading at 5 m
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because it had more complete data and both variables provide essentially the same

information (Pearson’s r = 0.75).

2.3 The study area

The dynamics of the Western Mediterranean sea is subject to the influence of the North Atlantic
climate at decadal scales. The temperature of the upper layers has significantly increased since the
early 1970s, at a rate of 0.25 °C per decade (Vargas Yafez et al., 2009), tracking the trends of the
Atlantic Meridional Oscillation (AMO) (Vargas Yafez et al., 2010; Tsikliras et al., 2019).
Superimposed on this long-term decadal trend, local oceanic climate is modulated by local drivers
(Vargas Yéfez et al., 2010), such as the Western Mediterranean Oscillation (WeMOI, Martin et al.,
2012), which is linked to local precipitation and the river flow regime of Western Mediterranean
rivers, viz. the Rhone and the Ebro. The flow of the Rhone, for instance, was very high in the early
1980s, at its lowest in the first years of the 21* c. and increasing again in the current decade, while the
Ebro river flow has been decreasing steadily for the past 4 decades (Cozzi et al., 2019). The variations
in river flow are accompanied in all cases by a decrease in the nutrient load (Cozzi et al., 2019), which
might explain the observed decrease in chlorophyll a concentration in the Gulf of Lions and NE Spain
in the last two decades (Colella et al., 2016).

The study area covers the Catalan Sea continental shelf and the slope (NW Mediterranean,
Fig. 1). The continental shelf is, in general, narrow and widens in the southernmost part, in
the vicinity of the Ebre River Delta, and in the north between the main submarine canyons,
south of the Gulf of Lions. The area is characterised by a permanent shelf-slope density front
along the shelf break separating open sea high-salinity waters from lower salinity coastal
waters (Font et al., 1988). A permanent geostrophic current (the Northern Current) associated
to the front flows from NE to SW, roughly parallel to the coast, with maximum speed of 0.60
m/s and an overall transport of around 1 Sv (Castellon et al., 1990). The front and associated
current are subjected to high mesoscale variability that causes oscillations, meandering and
eddy generation (Rubio et al., 2005). The northern sector, which is more directly influenced
by strong northerly winds, is generally colder than the central and southern parts, and a
surface thermal front roughly coincides with the limit of frequent northerly winds (Sabatés et
al., 2009). The NW Mediterranean coast also receives significant runoff from two major
western Mediterranean rivers, the Rhone and the Ebre, which enhance the shelf-slope front
by lowering the salinity of shelf waters (Salat, 1996). Over the southern shelf, low salinity

patches can be found on the surface layer near the Ebre mouth or quite far away, trapped by
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eddies (Font et al., 1990; Wang et al., 1988). In the northern area, Rhone influence can also
be felt through relatively low salinity at surface just along the Northern Current path (Salat
1996; Sabatés et al., 2007).

The water column structure presents a marked seasonal cycle with strong stratification in
summer. In this period, vertical water movement is very limited, and almost all the surface
nutrients become depleted, resulting in primary production restricted to the deep chlorophyll
maximum (DCM), a thin layer at the deepest levels of the photic zone (Estrada et al., 1993).
According to Estrada and Salat (1989), the presence of the shelf-slope front contributes to
enhance the productivity at the DCM level. Surface productivity is restricted to areas
influenced by river runoff that can be identified by a lower salinity surface layer; down to ~
20-30 m, accounting for the typical surface mixed layer above the thermocline (Salat et al.,
2002; Maso et al., 1998). These average summer conditions show interannual variations due
to the changes in the heat balance of air-sea exchanges in the region and fresh water influx,

both variable from year to year.

2.4 Statistical analysis
We used General Additive Models (GAMs: Hastie and Tibshirani, 1990; Wood, 2006) to

assess the influence of environmental variables on the abundance of eggs and larvae of
Engraulis encrasicolus and Sardinella aurita as a proxy for determining the spatial extent of
spawning habitat in both species during the spawning peak (June and July, summer in the
northern hemisphere). GAMs are a flexible class of mathematical models that allow
incorporating smooth functions to model the non-linear effect of continuous explanatory
variables (Wood 2006). The total number of explanatory variables was reduced before the
formal GAM selection procedure by examining the correlation matrix between pairs of
environmental variables and discarding one variable of each pair when |r| > 0.6, following
Wintle et al. (2005). For each pair of correlated variables, the variable retained was that with
higher correlation with total ichthyoplankton abundance or lower amount of missing values,
see above. The 3 candidate explanatory variables were: sea surface temperature (°C, SST),
surface salinity (SSS), and log-transformed chlorophyll a at 20 m depth (log Chl20) as a
proxy for surface chlorophyll a. We restricted the form of the smooth function to an
equivalent polynomial of a maximum of degree 5, by setting the number of knots k to 5, to
avoid over fitting the models with complex shapes of little biological significance (Wintle et
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al., 2005). The decade (1980s, 2000s, 2010s) was added as linear intercept to the GAM
models as a proxy for the spawning stock condition in each sampling period. We used a
modelling approach based on information theory (Burnham and Anderson, 2002) building
sets of candidate models of increasing complexity and choosing the “best” model based on
minimizing an information criterion, in our case Generalized Cross Validation (GCV). In all
cases, decreasing the GCV score coincided with decreasing values of Akaike’s Information
Criterion (AIC) and increasing percentage of deviance explained, two other criteria often
used in model selection (Burnham and Anderson, 2002; Franca et al., 2012). Selection of
variables was based on the GCV score and followed a forward model selection algorithm
(Wood, 2006): Starting from a null model (intercept-only model), we added each explanatory
variable one at a time and selected the model which produced the lowest GCV. Then we
added a second explanatory variable and continued adding variables to the model while GCV
decreased. We used the quasi-poisson probability distribution function as error distribution
and the logarithm as link function for eggs and larvae abundance of anchovy. In the case of
round sardinella, the data on early life stages contained a high number of zeros and the GAM
models were built using presence/absence only, with a binomial distribution function and
logit link. The GAMs models were fitted with the mgcv package v. 1.8-15 (Wood, 2006) of
the statistical package R v. 3.3.2 (R Development Core Team, 2016). We interpreted the
effect of the selected explanatory variables on the early life stages of both species by
inspecting the partial plots in the range of values containing 95% of the observations, i.e.
excluding the extreme lowest and highest 2.5% quantiles because predicted effects may be
subject to the influence of outliers. We highlight the neutral effect (0) in the partial plots to

discuss the environmental effects in terms of negative or positive.

2.5 Habitat models

Predictive maps of distribution of eggs and larvae for each decade were computed over a 4
km square grid on the sampling domain with the results of the GAM models. Four km was
chosen as a (round) average of the distance among replicates of the same sample station
across years (Fig. 1). Predictors SST, SSS and chlorophyll a were calculated as June-July
averages per decade at each grid cell. For each species early life stage, the GAM model
selected was projected onto each grid cell to derive the abundance in the case of anchovy
(number / 10 m2) or probability of encounter in the case of round sardinella. In addition to
the distribution maps, the percentage of surface area occupied by high-density patches of

10
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eggs and larvae was also computed, defining high density as grid cells with n >= 500 eggs or
larvae / 10 m? in the case of anchovy and cells with probability > 0.5 of encountering eggs or

larvae in the case of round sardinella.

3 Results

3.1 Environmental variables

The spatial distribution of temperature showed, as expected for the summer period, a gradient
from south to north with higher values in the southern part of the area (maps of horizontal
distribution of the environmental variables are shown in Supplementary material 1, Fig. Sla-
c). In the 2000s and 2010s surveys, a clear temperature front, perpendicular to the coastline,
was apparent around 41°45” N, 3°20°E (Palamds canyon), especially in July (see also Sabatés
et al., 2009; 2018), but it was not evident in the 1980s. Overall, temperatures tended to be
higher near the coast (Fig. S1a). Salinity showed higher values offshore and the presence of
low salinity patches over the southern continental shelf, in the vicinity of the Ebro River
delta, where continental fresh water runoff has a marked influence even in summer (Fig.
S1b). In June 1983, a significant input of low salinity waters from the Rhone River was
evident in the northernmost part of the area, resulting in exceptionally low values (30.5 to
32.0). Note that the maximum values recorded for salinity in the 1980s were lower than 38,
while in the 21% ¢. samplings values higher than 38.0 were found offshore. Chlorophyll a
showed higher values near the coast, in the vicinity of the river mouths, particularly the Ebro
and the Rhone (Fig. S1c), but also the Francoli, Llobregat and Besos, which are secondary
rivers located in the central part of the area (Fig. 1). A decreasing chlorophyll a trend was
detected along the 3 decades, with peak values higher than 2.0 in June 1983 to readings
typically lower than 0.3 in June 2011 and June 2012.

The boxplots of SST in Supplementary material 2 show that temperatures were lower in June
than in July in the three decades studied (Fig. S2a), as expected, although June temperatures
were lower in 1980s than in the two decades of the 21% century. Conversely, July
temperatures were higher in 1983 and 2003 and decreased in the later surveys. Note that
water temperature at deeper layers (60 and 75 m, Figs. S2a) also appeared to increase, but the

temperature difference between months was not appreciable. The boxplots of SSS (Fig. S2b)

11
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show that salinity was lower in the June than in the July surveys, but with a clear increasing
trend along the three decades in both months. Salinity readings were typically below 37.5 in
the 1980s while they became closer to 38.0 in the samplings carried out in 2000s and 2010s.
In the first survey (June 1983), a low-salinity intrusion from the Rhone river into the northern
sector of the study area resulted in some stations producing readings as low as 30 to 36 (Fig.
S1b). Salinity at deeper layers (60 and 75 m) were observed to increase along time as well
(Figs. S2b).

The boxplots of Chl a (Fig. S2c) did not show significant differences between months within
each decade, but values in the 1980s were significantly higher than in later surveys, both at
the surface (5 m level) and at the 20 m level, with a clear decreasing trend. This trend to
decreasing Chl a concentration was also apparent in readings at other depth levels (Figs.
S2c), with a concomitant increase of the depth of the deep chlorophyll maximum (DCM),
from ca. 55 m in June 1983 to ca. 62 m in July 2011 (Fig. S2d).

The abundance of anchovy eggs and larvae was highest in the 1980s (Figs. S1d, €), with no
significant differences between June and July in the three decades (Figs. S2e, f). Round
sardinella eggs and larvae were not detected in the first survey (June 1983) (Figs. S1f, g and
Figs. S2g, h). Their abundance was highest in (2000s) and decreased in the 2010s.

3.2 GAM models
The results of the GAM fitting are shown in Table 2 and Fig. 2. The best model fit was

obtained with 2 or 3 explanatory variables (Table 2). The deviance explained by these models
was between 25.2% and 44.4 %.

In the case of anchovy eggs, the model identified SSS, Chl a 20 m and SST, in this order, as
the explanatory variables. Salinities between 37.3 and 37.8 had a positive effect on egg
abundance, while very low and very high salinities also showed a positive effect, but the
number of data points to support the model at the extremes was low. Values of Chl a 20 m
between 0.10 and 0.30 mg m also had a positive effect on anchovy egg abundance, with a
few data points supporting high abundance at chlorophyll values above 1.1 mg m=. The

effect of temperature on anchovy eggs was positive between 20 and 24.5 °C, becoming

12
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negative quickly at higher temperatures. Note the important decrease in the value of the
model intercept, indicator of total abundance, from the 1980s to the later decades (Fig. 2a).

In the case of anchovy larvae the model selected Chl a 20 m, SSS and SST in this order. Chl
a 20 m had a positive effect over a wider range of values compared to eggs, with a positive
effect of chlorophyll between 0.08 and 0.37 mg m=. However, the range of salinities with a
positive effect on anchovy larvae was higher than for eggs: 37.7 to 38.1. Very low salinity
values (below 36.5) also had a positive effect, although with very low number of data points
supporting the model. The range of temperatures with a positive effect on anchovy larvae was
similar than for eggs, 20 to 25 °C. At higher temperature values the abundance fell strongly.

Note also the important decrease in the value of the intercept along the 3 decades.

In the case of round sardinella eggs, the model identified Chl a 20 m, SST and SSS, in this
order, as the explanatory variables. The probability of encountering round sardinella eggs
was higher than 50% at chlorophyll values higher than 0.14 mg m= and higher than 98% at
chlorophyll values 1.0 mgm. The probability of encountering round sardinella eggs
increased nonlinearly with increasing temperature until 25.5 °C and decreased at higher
temperatures. Conversely, the probability of finding round sardinella eggs decreased with
increasing salinity, becoming lower than 50% at salinities higher than 37.8. The effect of
decade on the model intercept was positive, with practically null probability of encountering

sardinella eggs in the 1980s.

In the case of round sardinella larvae, the model identified only SSS and SST, in this order,
as the explanatory variables. The probability of encountering round sardinella larvae was
higher than 80% at salinities below 37.5, decreasing rapidly at higher salinity. The
probability of encountering larvae increased nonlinearly with temperature, never reaching
100%, but with probabilities higher than 50% at temperatures above 23 °C. The effect of

decade was similar than for round sardinella eggs.

3.3 Habitat models

With the results of the GAM models, predictive maps of distribution of eggs and larvae in
each decade were computed over a 4 km square grid on the sampling domain. Fig. 3 shows
the results. Spawning areas for anchovy (Fig. 3a, left panels), defined as grid cells with high

13
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habitat suitability, are mainly located in the northeast area (east of 2.75° E, approximately)
and over the southern shelf off shore the Ebro delta. However, the predicted density by the
habitat model decreases importantly from the 1980s. The suitable habitat for anchovy larvae
remains relatively constant overtime in the northeast area (Fig. 3a, right panels) but decreased
in the Ebro delta area. The pattern shown in the distribution maps are summarized in Table 3,
which indicates that habitat in the 1980s was suitable for eggs and larvae in 100% of the
study area, but decreased to less than 1% for eggs and 55% for larvae by the 2010s. The eggs
and larvae of round sardinella show the opposite pattern: in the 1980s the probability of
suitable habitat conditions was null, while it increased to 30% (eggs) and 22% (larvae in the
2010s).

In the case of round sardinella, predicted high suitability areas were located in the southern
half of the study area (Barcelona as northernmost latitude) and closer to the coast, both for
eggs and larvae. In the 2000s the range of suitable areas expanded considerably to the north,
while in the 2010s habitat suitability decreased slightly, but is still considerably larger than in
the 1980s.

4 Discussion

We detected clear changes in the values of the environmental variables along the three
decades of the study period. There was a temperature increase (particularly marked for the
June surveys) at all depth levels studied, even in the 60 and 75 m readings (Supplementary
material 2). This trend is in accordance with the continuous warming documented in the
Mediterranean at surface, intermediate levels and in deep waters in recent decades (\Vargas
Yarfiez et al., 2009; Calvo et al., 2011; Skliris et al., 2012; Schroeder et al., 2016). Skliris et
al. (2012) analysed sea surface temperature from satellite observations and the NOCS! data
set and estimated an average increase of 0.29 ° C / decade over the 1985-2008 period in
summer in the Western Mediterranean (nearly half the rate than in spring, 0.54 ° C /decade,
but higher than in autumn or winter). In the Spanish coasts, the temperature increase is higher

than the regional average in the Western Mediterranean (Skliris et al. 2012: Fig. 3).

! National Oceanography Centre Southampton, global monthly mean gridded data set of marine surface

variables.
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Surface salinity and chlorophyll a showed opposite trends, increasing and decreasing,
respectively, along the three decades. The salinity increase could be related with a diminution
of the river runoff waters, in particular from the Rhone River, that in the early 1980s was
exceptionally high (Sabatés, 1990). In the study area, at the end of spring, low salinity waters
from riverine outflow may spread over wide areas due to the well-established stratification
(Salat, 1996). In that period, river runoff is the main mechanism that can supply nutrients to
the surface, and a good correspondence between low salinity and high chlorophyll a at
surface is characteristic of that period (Masé et al., 1998; Sabatés et al., 2009; 2013). A
decrease in chlorophyll a concentration has also been documented from satellite
measurements off the Rhone River mouth, likely due to a decrease of the riverine runoff
waters, and elsewhere in the Gulf of Lions and the Catalan coast for the period 1998-2009; a
result also found in the outflow of other Mediterranean rivers (Colella et al., 2016: Fig. 2). In
a recent paper, Cozzi et al. (2019) documented the reduction in river flow and main nutrients
(nitrogen, phosphorus) of the Ebro and Rhone rivers over the last four decades. On the other
hand, and at local scale, a decreasing trend in the abundance of most phytoplankton groups
has been documented in the Catalan coastal waters (Blanes Bay), associated with a reduction
in nutrient availability (Nunes et al., 2018). According to these authors, the possible drivers
for this oligotrophication would include stronger stratification (due to increased temperature

or freshwater input) and the improvement of wastewater treatment in the region.

A deepening over time of the depth of the deep chlorophyll maximum (DCM) was also
evident in the data (Supplementary material 2), which can be interpreted as a further evidence
for a trend towards oligotrophication. The DCM is a permanent feature during the
stratification period in the Mediterranean Sea (e.g. Estrada et al., 1993; Siokou-Frangou et al.,
2010), and their seasonal evolution is characterized by a deepening from May to July in
coincidence with the deepening of the pycnocline (Lavigne et al., 2015). In a context of sea
warming, the period of water column stratification will likely increase in the Western
Mediterranean, leading to deeper DCM in the future, as observed in the more oligotrophic
Eastern Mediterranean (Siokou-Frangou et al. 2010). In the Catalan coast, Coma et al. (2009)
already showed enhanced stratification with ca. 40% lengthening of summer conditions since
1974. These marked changes in the local environmental variables, with a consistent direction,
would help to explain in large part the decrease in abundance of anchovy early life stages
observed in the data. Temperatures higher than ca. 25° C produced a negative effect on the
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abundance of anchovy eggs and larvae (Fig. 2a, b). A narrow range of intermediate salinities
around 37.5 generate a positive impact, with decreasing abundance both at high and low
salinities (Fig. 2a, b). A notable exception was observed in the northern sector with salinity <
36.5, where the influx of eggs and larvae from the spawning area in the Gulf of Lions is the
main explanatory factor for their high abundance (see also Sabatés et al., 2007). Intermediate
values of chlorophyll a (~0.1 - 1 mg m™) showed to have a positive effect on anchovy eggs
and larvae. The observed decrease of chlorophyll a along the three decades and the increase
of temperature and salinity help explain the decreasing abundances of anchovy eggs and
larvae. The trends projected for the next few decades (Durrieu de Madron et al., 2011; Calvo
et al., 2011) for our three explanatory variables agree well with the trends observed in the
study period and suggest that the habitat of anchovy may shrink even further in the coming
decades. The forecast decrease in surface chlorophyll a combined with a likely future
deepening of the DCM could negatively affect the ability of large (post-flexion) larval
anchovy to obtain food at the DCM, where high concentrations of zooplankton have been
found during daylight hours (Saiz et al., 2014). Previous studies conducted in the region have
been reported that post-flexion anchovy larvae perform diel vertical migrations to feed at the
DCM during the day, while the low temperatures (~15°C) detected at the DCM level restrict
the vertical migration of S. aurita, which feeds preferentially at the surface (Olivar et al.,
2001; Sabatés et al., 2008).

Excessive fishing pressure can also contribute to explain the decreasing abundance in eggs
and larvae of anchovy along the 1980s-2010s period, by reducing the spawning stock
biomass (round sardinella has very low commercial interest in the area). Tsikliras et al.
(2019) and recent stock assessment of anchovy in the study area (Supplementary material 3)
show how the late 1970s and early 1980s were years of high landings of anchovy in the
Western Mediterranean, contrasting with the low productivity of the stock in the 2000s and
2010s. Spawning stock biomass started to decrease from the late 1970s to early 1980s and
reached its lowest levels in the first decade of the 21% ¢ (Supplementary material 3, Fig. S3a).
During this entire period fishing mortality was 2-3 times above sustainable levels, being
highest in the first years of the 21% c., coinciding with our second sampling programme. In
recent years, since 2013 (i.e. after our third sampling programme) catches and SSB are

increasing again.
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The probability of encountering round sardinella eggs and larvae was also positively
correlated with chlorophyll a, and negatively with salinity (Fig. 2c, 2d): the trend of
decreasing chlorophyll a and increasing salinity could explain the decline of this species after
a maximum in the 2000s. However, temperature had a different effect in eggs and larvae.
Round sardinella eggs appeared to be negatively affected by temperatures higher than 26.5
°C, while the probability of occurrence of larvae levelled off at very high temperatures (> 25
°C). These effects on the probability of occurrence mean that conditions defining the habitat
of round sardinella may persist over the next few decades and are likely to start to contract
only if sea surface temperatures reach very high values or salinity increases further. The
landings of round sardinella for the entire Spanish Mediterranean (i.e. an area larger than the
study area) show indeed a peak during the first decade of the 21% ¢. and a decreasing trend

afterwards (Supplementary material 3, Fig. S3b).

Previous studies conducted in the area showed that under high temperature conditions, the
abundance of different zooplanktonic groups, indicator of larval food resources, was very low
(Atienza et al., 2016; Maynou et al., 2014), which would negatively affect fish larval
abundance. In addition to trophic limitation of fish larvae, changes in plankton composition
and abundance may have important effects on the condition of juvenile and adult fishes,
determining demographic parameters such as reproduction, growth and mortality, and these
changes have been proposed as important drivers of small pelagics population variability in
the NW Mediterranean (Brosset et al., 2016; Coll et al., 2018; Saraux et al. 2018). Another
indirect factor related to changing plankton dynamics is the increasing abundance and
changes in gelatinous plankton composition that have been recorded in the NW
Mediterranean (Molinero et al., 2008; Guerrero et al., 2018). Jellyfish, specifically
scyphozoan medusae, may negatively affect pelagic fish due to competition for food or
through direct predation on their fish eggs and larvae (Purcell and Arai, 2001). In particular,
Pelagia noctiluca, one of the most abundant jellyfish species in the NW Mediterranean, has
been described as an important predator of anchovy eggs and larvae with a high potential
impact on their populations (Tilves et al., 2016). The combination of all these adverse factors,
and possible synergies among them, likely contribute to explain the demise of this and other
small pelagic species (viz. sardine) in the western Mediterranean (Coll et al. 2018; van
Beveren et al., 2016).
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In addition to the temporal changes detected along the three decades, changes in relative
abundance in space were also evident. The main spawning areas of anchovy in the NW
Mediterranean are located in the vicinity of the mouths of the Rhone and the Ebro rivers
(Palomera, 1992; Palomera et al., 2007). These areas are highly productive in terms of
phytoplankton and zooplankton concentrations (Razouls and Kouwenberg, 1993; Saiz et al.,
2014) and provide suitable conditions for anchovy adult feeding (Blaxter and Hunter, 1982)
and larval development (Peebles et al., 1996; Sabatés et al., 2007). In the Mediterranean
during summer, trophic resources in the surface layers, where anchovy larvae dwell, are very
limited since phytoplanktonic biomass in the water column is generally confined to the DCM.
In that period, river run-off is the main mechanism that can supply nutrients to the surface
offering significant trophic resources to fish larvae. Although the contribution of riverine
water to the total primary productivity has been estimated to be between 10% and 20% of the
annual productivity (Salat et al., 2002), its ecological importance lies in it being the only
relevant surface contribution to the primary production during the fully stratified season
(Blanc et al., 1969). A close link between Rhone and Ebro river discharge and anchovy
recruitment has been established for the north and southern zones of the Catalan coast,
respectively (Lloret et al., 2001; 2004; Martin et al., 2008). These authors suggested that river
runoff enhances spawning and survival rate of the anchovy early stages and, hence,
recruitment. Our habitat maps along the three decades show that anchovy eggs became
particularly scarce in the formerly (Palomera, 1992) important spawning area of the Ebro
delta (Fig. 3a, three left panels). It has been shown that a strong correlation exists between
spawning stock abundance and the extension of the spawning area in anchovy (Somarakis et
al., 2004) and our results provide additional evidence of this relationship by showing that
years with low estimated spawning stock biomass (Supplementary material 3) correspond to
years with low eggs and larvae for anchovy. The northern sector (influenced by the important
spawning derived from the Gulf of Lions) (Sabatés et al., 2007) showed favourable habitat
conditions along the three decades, albeit with decreasing egg abundance (Fig. 3a, three left

panels) and larval abundance (Fig. 3a, three right panels).

The habitat of round sardinella, as defined by the probability of occurrence higher than 50%,
showed notable expansion from the 1980s to the later decades, both for eggs and larvae, with
maximum probability of occurrence in the 2000s, and lower in the most recent surveys (Fig.
3b: three left panels for eggs; three right panels for larvae). Note also that the probability of
occurrence was patchy and localized to the southern part in the 1980s, not reaching beyond
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41.50° N, becoming more extended in later decades. Round sardinella is a warm water
species that, in the last decades, has experienced an increasing abundance and northward
expansion in the western Mediterranean in relation to the water temperature increase (Sabatés
et al., 2006; 2009). The abundance of eggs and larvae markedly increased in the 2000s and
their distribution extended further north, being their abundance extremely low in the
northernmost part in accordance with the low temperatures detected in that area and the low
abundance of adult population (Sabatés et al., 2006). However, this expansion has been
restricted in the last decade of study to the coastal areas and the overall abundance has also
decreased (compare with the reported landings in the Spanish Mediterranean, Supplementary
material 3, Fig. S3b).

Overall, trends in environmental conditions show that the quality of the spawning habitat of
anchovy has decreased, while the spawning habitat of round sardinella has increased. In
addition to deterioration of environmental conditions, fishing reduces the size of populations,
making them more sensitive to additional stressors such as climate change (Cheung et al.,
2013), and can reduce the reproductive potential of small pelagics, the first step in the
recruitment process (Somarakis et al., 2018). The combination of these effects can help
explain the important reduction in fisheries landings of anchovy observed in the NW
Mediterranean, and elsewhere in the Mediterranean and the Black Sea (FAO 2010). These
trends in environmental conditions are expected to continue through the 21st century.
However, the existence of complex, non-linear relationships in marine ecosystems and inter-
species interactions make it difficult to assess future trends in small pelagics populations
because a mix of direct and indirect anthropogenic drivers, such as climate change, species
invasion, and fisheries exploitation are also likely to affect small pelagic populations
(Checkley et al., 2017). Fisheries managers should incorporate information on the variations
in natural productivity of stocks and be proactive to reduce fishing pressure during less
productive years in order to avoid stock collapse, as it has conclusively been shown that late
reaction can lead to grave socioeconomic consequences (for instance the closure of the
anchovy fishery in the Bay of Biscay during 5 years due to stock collapse, Taboada and
Anadoén 2016).
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Tables

Table 1. Characteristics of the ichthyoplankton surveys: Sampling dates, number of stations

and depth range.

survey dates Nb stations | Depth Median | Depth max
code min depth (97.5%)
(2.5%) | (50%)

ARECES3 | 8-12 June 44 24.15 90.50 364.23
1983

ARECES4 | 18-25 July 44 24.75 87.00 655.15
1983

CACO1 18-25 July 65 29.60 117.00 | 1034.00
2003

CACO3 23-30 June 65 26.20 113.00 |1028.20
2004

CACO4 21-29 July 65 29.60 118.00 |973.40
2004

Fishjellyll | 15-29 June 64 28.00 110.00 | 1052.33
2011

Fishjelly12 | 1-23 July 58 29.00 113.00 | 1043.55
2012
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Table 2. Forward stepwise selected GAMs with goodness of fit statistics of ichthyoplankton

abundance data (AIC: Akaike’s information criterion, Edf: estimated degrees of freedom,

GCV: generalized cross validation). For each species life stage, each term (explanatory

variable) was added onto the previous model until GCV could no further be minimized. Error

distribution function: quasi-poisson with log transformation for Engraulis encrasicolus;

binomial with logit transformation for Sardinella aurita.

TERM AIC Res dev Expl dev% Edf UBRE (GCV)
Eggs E. NULL 704415.4 0.0% 1747.92
encr. 7985.6 -

decade 7704.7 704415.4 21.1% - 1392.31
1 +SSS 7535.2 681513.1 31.3% 3.963 1220.83
2 +log (Chl a 635438.6 38.6% 1068.61

20m) 7307.8 3.573
3 +SST 7017.6 635438.6 41.5% 2.360 1030.10
Larvae E. NULL 7506.7 548950.5 0.0% 1362.15
encr. -

decade 7519.3 548950.5 25.3% - 1027.70
1 +log (Chl a 10615 449628.2 22.4% 851.17

20m) 3.169
2 +SSS 6956.1 4184671 31.2% 3.814 786.20
3 +SST 6896.7 4184671 34.2% 2,611 762.49
Eggs S.aur | NULL 485.2 483.2 0.0% - 0.20

decade 458.0 452.0 6.5% - 0.13
1 +1log (Chl a 407.0 393.7 15.6% 0.05

20m) 1.00
2 +SST 381.1 360.4 22.7% 3.713 0.02
3 +SSS 365.2 347.8 25.2% 1.000 0.02
Larvae S. NULL 563.4 561.4 0.0% 0.39
aur -

decade 407.1 401.1 28.6% - 0.21
1 +SSS 357.4 347.6 36.8% 1.984 0.10
2 +SST 319.7 306.0 44.4% 1.880 0.09
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868  Table 3. Habitat occupancy (surface occupied by favourable habitat, according to an arbitrary
869  threshold, grid cells> 500 n/10 m2 for Engraulis encrasicolus and probability of occurrence >
870 0.5 for Sardinella aurita). Surface of the study area 12 000 km?.

1980s 2000s 2010s
E. encrasicolus
eggs | 100% 18% <1%
larvae | 100% 7% 55%
S. aurita
eggs | 0% 17% 30%
larvae | 0% 30% 22%
871
872
873
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Figure legends
Fig. 1. Map of the sampling stations, with inset showing the location of the study area. Depth
contours 50, 200 and 1000 m depth shown.

Fig. 2. GAM partial effects on anchovy eggs (a), anchovy larvae (b), round sardinella eggs
(c), round sardinella larvae (d), with model intercept (decade). To aid interpretation of results
the data percentiles are shown as vertical bars. The range of percentiles 2.5% to 97.5% cover
95% of the observed data.

Fig. 3. Predicted habitat maps of (a) of anchovy eggs and larvae (colour scale: density as n/10

m?), and (b) probability of occurrence of round sardinella eggs and larvae (colour scale:

probability between 0 and 1).
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