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Abstract

Climate change often leads to zhii:= in the distribution of small pelagic fish, likely by
changing the match-misma.~h aynamics between these sensitive species within their
environmental optima. ! Isi~7 present-day habitat suitability, we projected how different
scenarios of climate change (IPCC Representative Concentration Pathways 2.6, 4.5 and
8.5) may alter the large scale distribution of European sardine Sardina pilchardus (a
model species) by 2050 and 2100. We evaluated the variability of species-specific
environmental optima allowing a comparison between present-day and future scenarios.
Regardless of the scenario, sea surface temperature and salinity and the interaction
between current velocity and distance to the nearest coast were the main descriptors
responsible for the main effects on sardine’s distribution. Present-day and future

potential “hotspots” for sardine were neritic zones (< 250 km) with water currents < 0.4



m s, where SST was between 10 and 22°C and SSS > 20 (PSU), on average. Most
variability in projected shifts among climatic scenarios was in habitats with moderate to
low suitability. By the end of this century, habitat suitability was projected to increase
in the Canary Islands, Iberian Peninsula, central North Sea, northern Mediterranean, and
eastern Black Sea and to decrease in the Atlantic African coast, southwest
Mediterranean, English Channel, northern North Sea and Western U.K. A gradual
poleward-eastward shift in sardine distribution was also projected among scenarios.
This shift was most pronounced in 2100 under RCP 8.5. In tha. ~cenario, sardines had a
9.6% range expansion which included waters along thr. €. tire coast of Norway up and
into the White Sea. As habitat suitability is mediated ./ the synergic effects of climate
variability and change on species fitness, it is znu~al to apply models with robust
underlying species-habitat data that integrete “nrwledge on the full range of processes
shaping species productivity and distr aut’on.
Keywords: Ocean warming, glouc! changes, species distribution models, Sardina
pilchardus, distribution range shift. ~.cological niche
1. Introduction

Climatic fluctuatiu. s 2nhanced by anthropogenic activities are resulting in shifts
in atmosphere-oceai. buysical forcing, leading to critical changes in biogeochemical
processes that poses a major threat to global marine biodiversity in the long-term
(Ramirez et al., 2017). The most recent models of the Intergovernmental Panel on
Climate Change (IPCC) project that the average global ocean temperature will increase
between 1 and 4°C by the end of this century. The 3°C range depends on different
scenarios of greenhouse gases concentrations, termed Representative Concentration
Pathways (RCPs; IPCC, 2013). For instance, climate change is acknowledged to

promote changes in air-sea interactions leading to ocean warming, inputs of new CO; in



the water column and intensification or smoothening of wind-driven ocean currents
(Doney et al., 2020; Yang et al., 2020). The changes translate into O, depletion (often
causing coastal hypoxia), ocean acidification, sea level rise and shifts in upwelling
intensity with multiple potential effects on ocean food webs at global and regional
scales (Xiu et al., 2018; Claireaux and Chabot, 2019). Consequences of these “new”
oceanic dynamic on the ecology of organisms have been extensively reported for a wide
range of marine taxa (Brander et al., 2003; Doney et al., 2012; Poloczanska et al., 2013;
Ramirez et al., 2017). However, the magnitude of such in,acts is challenging to
forecast in the marine environment since responses «w ~limate change are species-
specific, and plants and animals may adapt to / tnlei>te new conditions or shift their
distribution to follow environmental optima (Melec M2rino et al., 2020).

Due to their tight coupling to physiza. ard4 biogeochemical processes impacting
the base of marine food webs, small nelgic fish (SPF) display rapid changes in their
distribution and productivity linkea .~ climate variability (Alheit et al., 2014; Garrido et
al., 2017). Characteristics such a° protracted spawning season, short lifespan, high
dependence on productive “reas and large distribution range suggest that they are a
strong bio-indicator of ci.m~te variability and change in marine systems (Peck et al.,
2013). Similar tu e vast majority of fish, SPF are ectothermic and their body
temperature and metabolic requirements depend on ambient temperature. In addition to
the direct effect of temperature on physiological performance, environmental variability
can affect the distribution, growth, recruitment and spawning of SPF via indirect,
trophodynamic processes impacting prey availability (bottom-up control) and intensity
of predation (top-down control) (Costalago et al., 2015; Basilone et al., 2017; Peck et
al., 2021). Moreover, these fish act as conduits of energy from lower to upper trophic

levels in marine food webs of coastal ecosystems (Zwolinski et al., 2010; Pikitch et al.,



2012; Chouvelon et al., 2014), highlighting the importance of understanding and
projecting how climate variability and change impacts on their populations.

The European sardine (Sardina pilchardus) inhabits waters in the northeast
Atlantic from the North Sea to Senegal, the eastern Atlantic islands, and across the
Mediterranean and the Black Seas (Giannoulaki et al., 2014). Although widely
distributed, a high connectivity along its distribution range supports the hypothesis that
this SPF has a nearly panmictic stock (Baibai et al., 2012; Baltazar-Soares et al., 2021).
Sardines generally inhabit waters with temperatures rangina from 8°C to 26°C, and
salinities from 30 to 38 (PSU) and use a more narrcw .ange in temperatures (13 to
18°C) when spawning (Giannoulaki et al., 2005; Coumbs et al., 2006; Stratoudakis et
al., 2007; Tugores et al., 2011). The largest saru.ne stocks are located in central
Morocco, with landings around 700 000 tonr.: s while landings from all Mediterranean
stocks are ~80 000 tonnes, at the leve’ of ‘andings from European Atlantic stocks (Silva
et al., 2015). Off Europe, sardine 1s mainly abundant off the Atlanto-Iberian upwelling
ecosystem where it represents nea v 40% of the total catch in this sub-region (ICES,
2006; DGRM, 2016). Biorass uf the Iberian stock have declined since 2006 (ICES,
2020) due to a long period o time without good recruitment years, which is thought to
be the result of previ.us iegative sardine regimes due to climate variability (Almeida et
al., 2013; Cabrero et al., 2018). Controversially, as sardines re-invaded the North Sea
since the 1990’s (Alheit et al., 2012), an increase of 35% in the fishery activity is
reported for the northern stocks (from the Bay of Biscay up to the North Sea). Increases
in fishing effort (FAO, 2018) combined with climate change (ICES, 2015) have been
attributed to severe declines in Mediterranean stocks of European sardine. From both
social (economic) and ecological perspectives, it is critical to make robust projections of

how climate change may cause decreases and increases in local populations based on a



thorough understanding of the factors and processes that drive changes in productivity
to make climate-ready management of living marine resources.

Habitat Suitability Models (HSMs) [also named Species Distribution Models
(SDMs)] have been commonly applied to predict how environmental change will
impact the future geographic range of different species based on the niche-biotope
duality (Beaugrand et al., 2019). These models establish correlative relationships
between species’ occurrence and environmental characteristics to create habitat
suitability maps for present-day conditions which are crmu.ned with physical and
biogeochemical climate model projections to estimate u.> 10cation of future, suitable
habitats (Hollowed et al., 2013) and, hence, shifts in uistribution (Sinclair et al., 2010).
Thus, HSMs provide estimates of future locaticns having a high probability of the
occurrence of species to support conservatiar, anz management actions (Raybaud et al.,
2017; Schickele et al., 2020). Given | rge differences in ocean warming associated with
different RCP scenarios and therma. nerformance of species, a large range of potential
outcomes for the future changes i.» *ne distribution of SPF often exist (Tugores et al.,
2010; Peck et al., 2013; Jghch et ul., 2019).

Here, HSMs were '<cd to (I) evaluate the influence of environmental factors on
the occurrence or v curopean sardine along its distribution range, and to create
present-day, habitat suitability maps. Next, we (Il) examined projected changes in key
habitats in 2050 and 2100 within three different IPCC scenarios (RCPs 2.6, 4.5 and 8.5)
using the same environmental variables selected under the present-day condition.
Therefore, it is evaluated whether the spatial variability of the same environmental
forcing under different climate change scenarios will structure the probability of
occurrence of the European sardine based on the variability of environmental optima

over large scale spatial projections.



2. Material and methods
2.1. Study area and occurrence data selection

Historical geo-referenced occurrence data (spatial points from 2009 to 2020) of
large juvenile and adult European sardine were compiled. Protocols to avoid duplicated
data among different databases and the exclusion of spatial points located outside the
distribution range of the species were performed. The large spatial extent of available
data was assumed to cover all of the known, present-day habitats utilized by this species
in the Atlantic Ocean and regional seas. Data were availab'= 1.+ the northeast Atlantic
Ocean, including the Canary, Madeira and Azores arch’ge.>qos, Iceland and the western
Mediterranean Sea (Fig. 1). Data from the southern }4editerranean, Baltic and Black
Seas were either not available or the occurrence o *his species was rare. Occurrence
data along the adult sardine’s distribution :anye were provided by the Portuguese
Institute for the Sea and the Atm sp'ere (IPMA) and the Instituto Espafiol de
Oceanografia (IEOQ), as well as downloaded from open science databases [i.e.
International Council for the Exnloration of the Sea (ICES), Ocean Biodiversity
Information System (OBIC' and Global Biodiversity Information Facility (GBIF)]
(Table S1). A total of 6C 777 geo-referenced occurrence data (i.e. pelagic hauls and
scientific acoustic u.*a) were used to develop habitat suitability models, being 64,177
located in the northeast Atlantic and 4,590 in the Mediterranean Sea (Fig. 1).
2.2. Environmental data selection for the present-day suitability models

We considered 59 oceanographic variables among biological, chemical, and
physical (remotely sensed) data as explanatory variables to statistically describe the
present-day distribution of the European sardine (Table S2). Specifically, 44 relate to
the average, maximum, minimum and range of sea surface temperature (°C), sea surface

salinity (PSU), current velocity (m s%), dissolved molecular oxygen (mol m™), nutrients



[phosphate, silicate, nitrate, iron (mol m™)], chlorophyll (mg m™), phytoplankton (umol
m™) and primary productivity (g m™ day™) (Assis et al., 2017). These variables are
known to directly influence the habitat suitability of the European sardine (Giannoulaki
et al., 2011; Tugores et al., 2011; Peck et al., 2021). The remaining 13 variables are
represented bynorthward/eastward wind and current components (m s™) (Rio et al.,
2014), sea surface density (kg m™) (Droghei et al., 2016) and sea level anomaly (m)
(Mertz and Legeais, 2019). These variables were used as proxies for casual factors such
as dispersal ability and preferences of sardines for upwel'ing regions (Santos et al.,
2004; Tugores et al., 2011). Finally, bathymetry (km) (523C0, 2020) and the distance
to the nearest coast (km) (NASA, 2009) were used 2s . "oxies for the affinity of sardines
to areas closer to the coast (Giannoulaki et al.. 2zv*1; Schickele et al., 2020). Each
variable consists of annual raster layers Fasd on monthly-averaged satellite images
from daily measurements reanalysec as regular grids under Geographic Information
Systems (e.g. Assis, et al., 2017; Mctz and Legeais, 2019). The satellite variables were
downloaded from open databacas cc~.ording to their best resolution to obtain grid cells
representing the environme: tal cnaracteristics around each sampling point (Table S2).
We fitted kriging in.orrolations  [spatial  analyst  tools in ArcGis 10.4.1
(https://wwwe.esri.co.™); and the raster package [(Hijmans et al., 2020) in R 3.6.2 (R
Core Team, 2020)] to downscale all raster layers to a common spatial resolution of
0.083° (~9 arcmin) to reproduce the characteristics of the raster with the highest
resolution possible (Table S2).

Sets of environmental predictors were constructed to describe present-day
habitat suitability of European sardine. To avoid the use of highly correlated predictors
in the same analysis, the correlation among layers was checked using a Pearson’s

correlation matrix. Only layers with correlation coefficient below 0.45 (P > 0.05) were



included in the same set. To evaluate which were the most important predictors to be
maintained in each previously established set, we calculated the respective explanatory
power of the variables using the function “get variable importance” in the biomod2
package, without interaction between variables and 1000 permutations (Thuiller et al.
2020). It is computed a simple correlation (Pearson's by default) between reference
predictions and shuffled predictions. The return score is 1-cor (0 to 1), which was then
normalized to percentages. The highest the value, the more influence the variable has on
the model. Backward selections progressively excluded varia>les whose explanatory
power was below 10% and new sets were built. The uve age sea surface temperature
(SST), the average sea surface salinity (SSS), the avei2ae current velocity (CVEL) and
the distance to the nearest coast (DIST) were the final set of predictors as these
variables were maintained in most sets and hc 1 t'ie highest explanatory power (Table 1
and Fig. S1).
2.3. Environmental data selection to." future suitability models

To forecast the effects nf c.iriate change and to investigate potential changes in
the spatial distribution of t>= European sardine (i.e. present-day vs. future conditions)
under several climate cha, o, scenarios, three greenhouse gas emission scenarios were
considered (the IFCC kepresentative Concentration Pathways; RCPs) for both 2050 and
2100: (1) the optimistic scenario of peak-and-decline ending in very low greenhouse gas
concentration levels by the end of the 21th century (RCP 2.6), (Il) the intermediate
scenario of stabilization (RCP 4.5) and (IIl) the pessimistic scenario of increasing
emissions over time ending in high greenhouse gas concentration levels (RCP 8.5)
(Assis et al., 2017; Moss et al., 2010). Environmental variables for future scenarios
were the same considered for the present-day condition to allow comparisons among

scenarios (Table 1 and Fig. S1). Rasters simulating future averages of SST, SSS and



CVEL were retrieved from Bio-oracle.org (Assis et al., 2017). We considered DIST
constant over time because sea level rise (SLR) for the study area is expected to
increase at a maximum trend of 1 m (Vousdoukas et al., 2017) and shoreline retreat
driven by SLR is predicted to be less than 97 m on average by 2100 under RCP 8.5
(Athanasiou et al., 2020). Thus, given that the species is often found within 100 km
offshore (Tous et al. 2015), we considered the gain of less than 1 km over the next 79
years as negligible in terms of habitat expansions in relation to present-day shoreline
positions.
2.4. Data analysis and spatial mapping

GAMs were applied in a presence/pseudn-a.~ence approach to forecast the
habitat suitability of the European sardine for the rre_~nt-day condition, by 2050 and by
2100 under RCP’s 2.6, 4.5 and 8.5. A_. r.sponse variable (Yy;), we used the
presence/pseudo-absence of the Eurcnera sardine. As explanatory variables (xi), we
examined those variables selected 1’ the bootstrap method [i.e. SST, SSS, CVEL and
DIST (Fig. S1)]. We followed Ba h:t-Massin, et al. (2012) to select pseudo-absences
that best performs with G/ Ms. it was used a large number of pseudo-absences data,
with equal weighting for presences. The binomial error distribution with the logit link
function was usea (r:*sue and Tibshirani, 1990). Twelve GAMs were set a priori (Table
2). For each case, a model was built by testing all variables that were considered
meaningful; and the best models were determined by fitting across the full set of
possible models. The MGCV package in the R statistical software was used to select the
GAM smoothing predictors and the natural cubic spline smoother was applied for GAM
fitting (Wood, 2019). To help in the identification of important features, a double
penalty was applied to the penalized regression of each model, allowing variables to be

solved out of the model (Marra and Wood, 2011). The degree of smoothing was chosen



based on the restricted maximum likelihood method (REML), which outperforms the
generalized cross validation (GCV) smoothing parameter selection (Marra and Wood,
2011). To avoid overfitting, the number allowed to the smoothing functions were
limited to 5 for single terms and 20 for two-interaction terms (5% level of significance)
(Wood, 2006).

The goodness-of-fit of the models was also assessed using Akaike’s Information
Criterion (AIC) (Hastie and Tibshirani, 1990) and by the percentage (%) of explained
deviance. To validate the selected models, the normal rrauchility QQ-plots of the
residual components of the deviance vs. quantiles, as wc'l as the Receiver Operating
Characteristic curve (ROC; Hanley and McNeil, 198%, Suisan and Zimmermann, 2000)
and the AUC metric (the area under the ROZ) ‘wvere evaluated to check model
performance and misspecification (Franklin, 2€09) (Fig. S2). To further assess the
quality of our models, we applied a “rocs-validation test using 75% of the dataset as
training data and 25% as test data.~t. Then, we obtained a confusion matrix with a
threshold at 0.5 to identify the (rrportion of observed positives that are correctly
predicted (or sensitivity) a1 the proportion of observed negatives that are correctly
predicted (or specificitv) ~s a measure of model evaluation (Lobo et al., 2008). The
Cohen’s kappa was «~eu to check model power [poor K < 0.4; good 0.4 <K < 0.8, and
excellent K > 0.8] (Manel et al., 2001). The output of the final selected GAM s
presented as plots of the best-fitting smooths where single and interaction effects are
shown as perspective and 3-D plots, respectively (Fig. 2). Based on validation results,
the selected model was applied in a predictive mode to provide response estimates of
suitability (0 to 1) over a wider grid of a largescale map at a GIS resolution of 0.083°,
covering the northeast Atlantic Ocean, the Mediterranean and the Black Sea. As we

have few occurrence data for the Mediterranean Sea, we checked whether predictions
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inside this basin is biased by the greater number of occurrences available for the
northeast Atlantic by applying the same modelling procedures to each region separately
(Fig. S3). The potential shifts in the habitat suitability of the European sardine were
investigated by evaluating the differences between climatic scenarios under each RCPs
(Fig. S4). Finally, we created binary HSMs to calculate the percentage of change in
suitable area in square kilometres between present-day and future maps in order to
detect range expansion and contraction using spatial analyst tools in ArcGis 10.4.1
(https://www.esri.com/). The binary HSMs followed the t.reshold established by
Ahmad et al. (2019), which considered probabilities < 0..% as unsuitable habitats (= 0)

b

and > 0.25 - 1 as potential areas (= 1) of specic™’ occurrence, namely “overall
suitability”.
3. Results
3.1. Habitat suitability modelling

The explanatory powers of e selected environmental variables were 31.14 %
for SST, 28.68 % for DIST, 21 ?2 4 jor SSS and 18.86 % for CVEL for the present-day
condition (Table S3). Thercare, the final GAMs for the pooled dataset concerning the
present-day condition anu fi'.ure scenarios included as main effects: SST, SSS and the
interaction of CVcL *viu1 DIST [European sardine (presence/pseudo-absence) ~ s(SST)
+ 5(SSS) + s(CVEL, DIST)] based in the lowest AIC and higher deviance explained
(Table 2). The GAMs exhibited high capacity to accurately predict species presence or
absences since sensitivity and specificity were always at a rate of > 0.9. AUC and K
values were also > 0.9 and > 0.8, respectively, validating the quality and the predictive
accuracy of the models (Fig. S2).

Sardine’s suitable temperatures ranged from 9.6°C to 26.4°C (on average)

(Table 3). The response curves showing the relative importance of SST indicated that
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habitat suitability for the European sardine was low below in waters <10°C, high and
nearly constant between 11°C and 22°C and declined at > 23°C (Fig. 2). Regarding
SSS, a range between 17.3 (PSU) and 39.6 (PSU) on average was detected (Table 3).
Despite this, habitat suitability is low bellow ~18 (PSU), and high and nearly constant >
20 (PSU) (Fig. 2). However, a more pronounced decrease in suitability when the SSS is
below ~ 20 (PSU) is expected to occur by 2100 under all RCPs when compared to the
previous scenarios. Moreover, according to the interaction terms, suitability is higher in
the neritic zone (< 250 km from the nearest coast) regariles: current velocities. An
exception is predicted by 2100 under RCP 8.5, when sttty will be higher in calmer
waters (CVEL < 0.1 m s™) closer to the coast (< 50 kn, from the nearest coast) (Fig. 2).
3.2. Suitability mapping and predictive shifts base” o.> IPCC climatic scenarios

The suitability maps showed that s nl”. areas for the European sardine were
dominated by areas characterized by ! tgh_r probability (> 0.6 to 1) of occurrence closer
to the coasts. A higher variability in the probability of occurrence was observed as
suitability gradually decreases (wvards the break of continental shelves, thus,
represented by occasional (i “obawility > 0.25-0.6) and rare habitats (probability < 0.25)
(Fig. 3). The species inhalit areas closer to the coast (< 50 km from the nearest coast)
around the Azores, 1."aucira and Canary archipelagos, in the Atlantic coast of Morocco,
Spain and Portugal, in the northwestern Mediterranean, Adriatic Sea, Tyrrhenian Sea,
the Mediterranean coast of Africa and in the southeast coasts of the Mediterranean and
Black Seas (Fig. 3). The GAMs predicted that suitable habitats were more distant from
the shore (< 250 km from the nearest coast) in the Bay of Biscay, the Atlantic coast of
France and English Channel, around Ireland and U.K., in the entire North Sea and the

southern Norwegian Sea and entire Aegean Sea. Moreover, the southwest coast of
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Iceland was also predicted to be suitable habitat for the species, while the Baltic Sea is
unsuitable (Fig. 3).

The projections from the present-day to 2100 suggested that the species will
experience slight changes in environmental variability along most part of its distribution
range (Fig. S4). Concomitantly, in all scenarios, a strong and gradual poleward shift in
the distribution of the species was projected due to increased suitability of habitats
along the coast of Norway (eastern Norwegian Sea). It was projected that the strongest
northward shift will be observed by 2100 under RCP 8 5 ~t this scenario, habitat
suitability increases along the entire coast of Norway vy w tne White Sea. On the other
hand, suitability in the southwest coast of Iceland lacreases over time, potentially
leading to local extirpation by 2100 under RCP 8.%.

According to the maps of predict've skifts, the more prominent shifts were
predicted for occasional and rare hak rate far from the coasts (Fig. 4). It was projected
that, by 2100 under RCP4.5 and RL? 8.5, habitat suitability will increase between +0.1
to +0.5 in most part of the north a ' eastern Mediterranean, eastern Black sea, eastern
Azores, around Madeira ar.1 Canary archipelagos, in Galicia and Bay of Biscay and
central North Sea. Losses >atwveen -0.1 and -0.6 will be observed in the Atlantic coast of
Morocco and Poitugal, dlong the cost of Algeria and Tunisia, Central Aegean Sea,
North Adriatic Sea, in the western and northern Ireland, in the northern North Sea and
western Azores (Fig. 4). This pattern was nearly similar across scenarios, except for the
fact that in the coast of Portugal it was predicted gains up to +0.5 under RCP 4.5 and
gains up to +1 in the Mediterranean coast of France and eastern Black Sea, and between
+0.1 and +0.5 in the central North Sea under RCP 8.5. In the southwest coast of Iceland,
suitability reduced up to -1 by 2100 possibly indicating local extirpation, independently

of climatic scenarios. Along the coast of Norway, suitability gains might reach +1 in
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specific sites regardless scenario (Fig. 4). However, the more prominent gains ranging
between +0.4 and +1 were projected to occur along the entire coast of Norway and
within the White Sea by 2100 under RCP 8.5.

Our results indicated that total suitable area will increase towards the end of the
century regardless of the climatic scenario (Table 4). The highest gain was observed by
2100 under RCP 8.5, with an increase of 9.57% in suitable habitats when compared to
the present-day condition (2,477,791 km? vs. 2,715,051 km?. When considering
specific geographic regions, range expansions were owcerved in the entire
Mediterranean Sea, with gains of up to 21% in the East:n, Mediterranean (366,421 km?
vs. 443,026 km?); as well as in the Iberia Peninsula v.ith gains of up to 11% (242,638
km? vs. 269,371 km?), both by 2100 under RCP 8 5 | “able 4). Slight range contractions
were observed in Western U.K. coast, arouna ‘re'and, in the English Channel and North
Sea. Range contractions were more p: Ymi.ient in the Atlantic African Coast, with losses
of up to 19.31% (236,663 km? vs. 151.970 km?) by 2050 under RCP 4.5 (Table 4).

4. Discussion
4.1. Environmental drivers 7r the spatial distribution of the European sardine

It is critical to man> robust projections of how important living marine resources
will respond to ctu. ate change, a particularly important task for small pelagic fish.
These species support populations of site-based predators such as marine birds and are
important for protein security and cultural identifies of human communities (Peck et al.,
2021). For all climatic scenarios considered in our study (present-day vs. 2050 and 2100
under RCPs 2.6, 4.5 and 8.5 scenarios) we projected that potential “hot-spot” areas for
the European sardine are located along the neritic zone (< 250 km from the nearest
coast) comprising the entire distribution range of the species (eastern Atlantic,

Mediterranean and Black Seas). These areas of increased probability of sardine
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occurrence exhibit low variability among scenarios because they meet species-specific
environmental optima, which are predicted to be in areas under the influence of ocean
currents < 0.4 m s™, where SST ranges between >10°C and 22°C and SSS > 20 (PSU)
on average. Above or below this environmental interactive range, habitat suitability
decreases significantly originating occasional and rare habitats.

The present study investigated a wider range of possible explanatory variables
when compared to other studies on the distribution of SPF (Giannoulaki et al., 2011,
Raybaud et al., 2017; Pennino et al., 2020; Schickele et al. ?027). Here, we confirmed
that, at least for largescale approaches, the most importz.i predictors for the present-day
condition can be used into future projections of sardn.» distribution. SST, SSS, CVEL
and DIST are the factors that better explained large_~ale patterns of habitat suitability
and produced models with the best goodre. -o.-fit regardless climatic scenario. The
selection of the same model for all sc ‘nar.os is possibly a result of the proportional rate
at which mean environmental variau:'ity will change towards the end of 21* century and
the low variability between RCPs »c_ording to IPCC models. Additionally, HSMs deal
with species’ environmen. | optima to predict probabilities of occurrence across
distribution ranges baseu 2r presence/absence (or pseudo-absence) datasets. For this
reason, caution ieeds 0 be took into account to avoid the gathering of biased
occurrence datasets due to differences in sample size, weight of point data and the use
of opportunistic surveys. In some cases, the use of joint likelihoods (the product of
individual likelihoods for each data source) might be needed to improve predictions
(Fletcher et al., 2019). In addition, these HSMs have no ability to predict how and
whether sardines would be viable in new locations where they will need to compete
with other species or the impact of migration of sub-tropical species to current habitats

due to climate change. Moreover, variability in abundance, biomass and phenology,
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among other factors still needs to be investigated to provide an holistic view of the
impacts of climate change on ecologically relevant factors affecting the productivity and
distribution of small pelagic fish such as the European sardine; high habitat suitability
does not necessarily imply population viability. Another limitation is that HSMs
normally ignore seasonal differences in key abiotic factors which, at mid- and high-
latitudes, can be important drivers of population persistence due to physiological
constraints (Peck et al., 2012; Petitgas et al., 2013). However, datasets containing model
projections of future changes in marine physical, chemica' ai.7 biological factors are
also limited or are still not accurate to permit an adequ-.e 'se in small-scale modelling,
especially for surface water masses.

The European sardine is an eurytherma! c.:'oeoid that can tolerate variable
oceanographic conditions characteristics 0, te.nperate shelf seas and sub-tropical
upwelling zones such as temperatures ranying from >8°C to 26°C (Coombs et al., 2006,
Zwolinski et al., 2010, Garrido et ai., 2016, 2017). According to its relative importance,
SST was a direct predictor of nre-ent-day habitats (those between >10°C and 22°C).
Our models also predicted “hat sardines might occasionally or rarely, inhabit regions
where temperatures are b'ov 9.6°C on average under present-day conditions, such as
observed in the Noith Sea and in the south coast of Norway (Zwolinski et al., 2010).
However, a gradual poleward expansion of the suitability for the European sardine was
expected across the three RCP scenarios. This expansion was more pronounced by 2100
under RCP 8.5 and sardines are predicted to inhabit the entire coast of Norway and the
White Sea, when these regions warm up and SST reaches values within the optimum for
the species (> 10°C).

Climate change is acknowledged as being responsible for the shift to higher

latitudes of European sardine and anchovy (Engraulis encrasicolus) stocks after mid-
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1990s due to the loss of cold winters (favouring survival) and warming to better support
spawning (Petitgas et al., 2012 Giannoulaki et al., 2014). In the case of European
anchovy, local population productivity increased creating an apparent movement to
higher latitudies (Petitgas et al., 2012). However, behaviourally mediated movement to
track isotherms has been acknowledged to influence historical changes in the
distribution of many species of SPF (e.g. Engraulis encrasicolus, Clupea harengus and
Sardinella longiceps), allowing them to track their optimal thermal physiological
conditions during extreme climatic shifts, especially by miaraing polewards (Silva et
al., 2014; Han et al., 2020; Sebastian et al., 2020). Once o™~ move to new areas, genetic
markers have revealed adaptive changes which ma,’ favour population persistence
and/or key physiological factors shaping their I’fe nistory. For example, a seascape
genetic approach using targeted sequencing ¢ m.tochondrial genes directly involved in
metabolic pathways revealed a tempe: ature- and O,-dependent distribution of haplotype
frequencies as signatures of selecticn of European sardines to cold temperatures and
low-oxygen levels (Baltazar-Seare. e, al., 2021).

In contrast to SST, the average SSS changed more towards the end of this
century in areas far fron, the coastline, especially along the northeast Atlantic. The
largest projected chu™ges in SSS [(declines from ~35 to ~32 (PSU)] were observed in
the Bay of Biscay, in the centre of the North Sea and along the entire coast of Norway.
As habitat suitability was predicted to slightly decrease above 30 (PSU) in the GAMs,
most projected shifts in habitat suitability (gains and losses) among future scenarios
occurred in present-day areas considered to be occasional and rare habitats. On the other
hand, nearshore habitat suitability changed little across the different scenarios.
Nearshore SSS along the distribution range of sardines varied between > 17 (PSU) and

39 (PSU), on average, regardless of the climatic scenario. This range was considered
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suitable for the European sardines in our study as our models included occurrence data
in the Skagerrak Strait and in the Kattegat Bay, where salinity varied between 17 and 20
(PSU) (regardless scenarios). The inclusion of these records was important to shape the
relative importance of SSS along the entire distribution range of the species, possibly
indicating a wider SSS range for sardines, when compared to other studies with regional
approaches (Giannoulaki et al., 2005; Palomera et al., 2007).

The effect of salinity on the ecology of Europen sardine is still not well
understood (Fernandez-Corredor et al., 2021). A positir2 1lationship is observed
between salinity and landings in the northwest Meu'terranean (Quattrocchi and
Maynou, 2017), suggesting that less saline waters aic not suitable for adult sardines,
while a negative relationship with abundance anc' b.~>mass are reported in the Spanish
coast, in the Gulf of Lion, in the southern A.'*oran Sea and in the northern Tyrrhenian
Sea (Bonanno et al., 2016; Jghab et al. 2019; Pennino et al., 2020). Salinity is not
expected to directly influence adu.* distribution (Jghab et al., 2019). However, our
models emphasized that SSS may 2.s0 be a climate-driven factor inducing shifts in
environmental optima wher. *he vhole distribution range of the species is considered.

The interaction oy current velocity and distance to the nearest coast was an
important proxy for >asudl factors due to its high capacity to distinguish the preference
of sardines for highly productive areas close to the coast from those beyond the neritic
zone, where the absence of the species is naturally expected (Giannoulaki et al., 2014).
Thus, it is possible to detect that occasional and rare habitats are mainly located close to
the break of continental shelves and in the centre of the North Sea. Although the
average current velocity had little spatial variability across the distribution range
projected for the species among different scenarios, and hardly ever overpassed 0.4 m s’

! this velocity coincided with those found in upwelling systems (Xie et al., 2017,
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Ferreira-Cordeiro et al., 2018). Furthermore, our projections suggested a stronger
dependency of sardines on coastal habitats by 2100 under RCP 8.5, where suitability
will be higher in calm waters (CVEL < 0.1 m s™) closer to the coast (< 50 km from the
nearest coast).

The importance of coastal waters has been widely reported as one of the most
significant drivers of sardine (and European anchovy) spatial distribution (Bellido et al.,
2008; Giannoulaki et al., 2008; Falco et al., 2010; Carpi et al., 2015; Bonanno et al.,
2016). Sardines have higher probability to be found nearshare during summer months
and expand their distribution to deeper waters during at’wi.*n and winter (Tugores et al.,
2011). The European sardine is known to profit frcm upwelling zones/nutrient-rich
waters and areas of high river discharge, especia'ly "v using these regions as feeding
and breeding grounds (Lloret et al., 2004- C-iicande et al., 2004; Giannoulaki et al.,
2011; Checkley et al., 2017; Schickel: et -.l., 2020).

4.2. Regional impacts of climate cha.ae on the distribution range of European sardines

Our projections showed t.a’ in areas of high suitability, the probability of
occurrence of the species ‘s n.aintained the same over the scenarios, while most
variability in the probabn*v of occurrence is observed in habitats of moderate to low
suitability. Areas wi™ uie highest suitability are observed over the continental shelf up
to 250 km from the nearest coast, what is consistently noticed in areas of high
productivity, such as the coast of Portugal, Bay of Biscay, around Ireland and U.K., in
the North Sea and in the southern Norwegian Sea (Giannoulaki et al., 2011; Checkley et
al., 2017). Here, we predicted that the total range of the species within suitable areas (>
0.25-1) might change from 2,477,791 km?at the present-day condition to 2,715,051 km?
by 2100 under RCP 8.5, leading to a total expansion of 9.57% towards the end of this

century. Expansions of suitable areas are observed in the Mediterranean, Iberian
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Peninsula, Norwegian coast and the White Sea. Contraction of suitable areas are
observed in the Atlantic African coast, the western U.K. coast, around Ireland, in the
English Channel and in the North Sea. These results emphasizes that spatial variability
within species’ environmental optima due to climate change have a great influence on
habitat expansion and contraction of European sardines with a strong dependence on
regional scales. In addition, this is the first study to propose gains and losses in sardines’
suitable areas (km?) towards the future and may provide a basis to define new fishing
areas or to expand existing ones if fisheries viability is censistently monitored and to
better manage those areas were habitat contractions and cn.Matic refuges are predicted to
occur.
4.2.1. Northern distribution: Iceland, British Isles, ~orth Sea, Norwegian Coast and
White Sea

According to our study, the < 1ati“Jd variability of SST across most parts of the
species’ distribution range was pi>iected to change very little across most IPCC
climatic scenarios. However, a arai’al warming in the region of the North Atlantic and
the Norwegian currents is obscerved towards the end of the century. This gradual
warming of the northern ,“tlantic will produce physical forcings influencing the tidal-
mixing, river plumes "1pwelling zones and shelf break fronts, changing productivity and
altering the food web in the region, likely affecting the distribution and/or abundance of
sardines through bottom-up control (Peck et al., 2021). The most distinguishable
climatic shifts are projected to occur by 2100 under the most pessimistic greenhouse gas
scenario, in which we observed an ocean warming between +2°C and +4°C across the
entire species’ distribution range with a sharp increase in the average SST from ~6°C to
~12°C along the entire coast of Norway and in the White Sea. Therefore, our models

indicate a gradual poleward shift in the distribution of the European sardine, the
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magnitude of which increases as one moves from RCP2.6, to 4.5 to 8.5 with a stronger
poleward-eastward expansion by 2100 under RCP 8.5 along entire coast of Norway.
This leads up to the White Sea, with a predicted range expansion of +117,434 km?
(+127.52%) relative to the present-day condition. Controversially, the sea south of
Iceland gradually cools (from ~11°C to ~6°C), and for this region, we projected a
decrease of -0.7 in habitat suitability, suggesting local extirpation for the species by
2100 under RCP 8.5. These results coincide with a recent ensemble forecasts for
temperate-cold water SPF [e.g. European sardine, Europe=n .rat (Sprattus sprattus)
and European anchovy], corroborating that northwrau migration is ruled by the
warming of the Norwegian Sea by 2100 under the nessimistic scenario (Schickele et al.,
2020). Moreover, this study also predicted low rau.*at suitability around Iceland, but
local extirpation was not detected by the en” * thys century (Schickele et al., 2020).

In the sea west of U.K and arc ind Ireland, a range contraction of -22,893 km? (-
5.16%) was predicted by 2100 unde. RCP 8.5. As well, across the English Channel and
North Sea, we predicted slight rang= contractions among scenarios, with the greater loss
of -13,847 km? (-2.45%) L' 2130 under RCP 4.5. Although we predicted suitability
losses between -0.2 and - ir these regions towards the future, present-day studies have
ascertained that the Z'iupean sardine, as well as other SPF (e.g. the European anchovy
Engraulis encrasicholus), have expanded their distribution towards the north. In the
North Sea, for example, the abundance of sardines has increased since the mid-1990s
and the species even use this region as spawning ground (Beare et al., 2004; Fréon et
al., 2009; Alheit et al., 2012). This long-term rise in sardine abundance at higher
latitudes was attributed to climate change and probably reflects the sudden warming

noticed by 1985, when SST in the northern North Sea increased from 6.5°C to 8.5°C on
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average associated to the strengthening of the North Atlantic Oscillation (Beare et al.,
2004; Alheit et al., 2012).
4.2.2. Iberian Peninsula and Atlantic African Coast

The distribution range of the species within suitable areas around the Iberian
Peninsula was predicted to change from 242,638 km? at the present-day condition to
269,372 km? by 2100 under RCP 8.5, leading to a regional expansion of 11% towards
the end of this century. In the Atlantic African Coast, the most prominent contractions
of -45,693 km? (-19.31%) and -29,509 km? (-12.47%) are hnth ~bserved by 2100 under
RCP 2.6 and by 2050 under RCP 4.5, respectively 1ese results differ from the
ensemble forecasts proposed by Schickele et al. (202u; in which sardines exhibit signs
of extirpation around the Iberian Peninsula, but ccinc:ded with the slight suitability loss
(-0.2) in the African Coast by 2100 unczi ths, pessimistic scenario. The ensemble
forecast differs from our model by nc- cc.isidering the distance to the nearest coast and
current velocities, which might proje -t different outcomes (Schickele et al., 2020).

Different projections of th.~ same species are important to provide a deeper
understanding of climate ciange impacts, especially because the influence of future
abiotic environment on S™F distribution still needs further investigation. For example,
coastal upwelling -~nes are highly suitable for sardines. Upwelling intensity has
increased in the western Iberian Peninsula and decreased in the northwest African coast
due to rising temperatures (Wang et al., 2015; Sousa et al., 2017). However, upwelling
of oxygen-depleted waters had also intensified since 1950 and many coastal sites along
the Northeast Atlantic have been reported to be in hypoxic condition (oxygen
concentrations < 2 mg liter *) due to global warming and nutrient enrichment (Breitburg
et al., 2018). Since the middle of the 20" century, the oxygen content of the ocean has

declined by ~2% (Claireaux and Chabot, 2019) and is expected to fall on an average of
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3-4% by 2100 as warmer waters have decreased potential to dissolve O, (Schmidtko et
al., 2017). Furthermore, oxygen minimum zones are expanding in world oceans as a
result of climate change and reducing suitable habitats vertically (Checkley et al. 2009).

In our study, dissolved oxygen was also a good predictor explaining sardines’
distribution but presented a high, negative correlation with SST independent of climatic
scenario (> -0.9) and never had explicative power higher than those of SST, when
different sets of environmental predictors were compared. Therefore, dissolved oxygen
was not selected for modelling purposes. In addition, a recent .*udy suggested that low
levels of dissolved oxygen may be an important ‘ai.2bie structuring the genetic
diversity of the European sardine around the Iberian Meninsula (Baltazar-Soares et al.,
2021).
4.2.3. Mediterranean and Black Sea

The distribution range of the caec.es within suitable areas of the Mediterranean
Sea was predicted to expand regaru'ass the region. The most prominent expansion of
+76.605 km? (+21%) is observed ii 'ie eastern Mediterranean, followed by the southern
Mediterranean with gains ¢* +40,325 km? (+19.21%), both by 2100 under RCP 8.5. In
the Mediterranean and Ri.~k Seas, salinity does not change much among scenarios and
environmental opun.> Is ainly ruled by the spatial variability in SST. The influence of
SST as a good predictor for most variability in the habitat suitability of the European
sardine was already described for the Mediterranean (Tugores et al., 2011; Jghab et al.,
2019) and the Black seas (Schickele et al., 2020). The entire Mediterranean and Black
seas will become warmer, where SST may increase +4°C on average by 2100 under
RCP 8.5. The average SST never overpasses 23°C in the northern Mediterranean and in
the Black Sea, while SST might reach up to 26°C along the coasts of northern Africa,

Israel, Lebanon, Syria and Turkey. Suitability increases between +0.2 and +1 by 2100
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under RCP 8.5 along most part of the Mediterranean coasts, with the highest suitability
gains being predicted to occur in the Gulf of Lion and Ligurian Sea, and in the eastern
Black Sea. Northward shifts have also been reported for other SPF (e.g. Sardinella
aurita) in the Mediterranean Sea with unknown effects on sardine populations
(Giannoulaki et al., 2014). Moreover, Pennino et al. (2020) also detected that waters
next to the Gulf of Lion will probably become future climate refuges for the European
sardine and anchovy with probability of occurrence >0.7 by the end of this century.
Moreover, although oligotrophic, the northern Mediterrareai, also exhibited coastal
expanded suitable areas, such as in the Adriatic and “aey=an Seas. Similar pattern of
high suitability was also observed in the shallow wa.>rs of the eastern Mediterranean
due to river outflow and the input of Black Sea wate.= into the Aegean Sea, and by the
association of the Adriatic Sea with the Po Ri. 2r Delta region (Tugores et al., 2011).

In the southern Mediterrane n, .abitat suitability was projected to decline
between -0.1 to -0.6 along the su.theast coast of Spain and in waters off northern
Morocco, Algeria and Tunisi» a: 'iabitat suitability decreases above 23°C and the
species may not withstano teniperatures warmer than 26°C. This pattern is also
compatible with the ense.nb'e forecast for European SPF, where climate-related local
extirpations are expcied under the most pessimistic scenario in the south-western
Mediterranean coasts (Schickele et al., 2020). However, although warmer, slight gains
in suitability (between +0.1 and +0.8) along the coasts of Israel, Lebanon, Syria and
Turkey are also predicted by the end of this century. The Mediterranean is one of the
most basin vulnerable to climate change as it experiences fast warming, accelerated
records of invasive species, unknown risk of competition with other SPF and intense
exploitation that might disrupt habitat suitability in the future.

4.3. The effects of climate variability and climate change on SPF
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Fluctuations on sardine populations have been mainly controlled by bottom-up
processes, such as climate variability, and secondarily by top-down processes, such as
natural and fishing mortality (Checkley et al., 2017). Making robust projections of
changes in bottom-up forcing is critical because of the economic, ecological and
cultural importance of SPF worldwide. Rising ocean temperatures due to global changes
is an example of bottom-up factors induced by climate change, which, in turn, lead to
changes in other processes that influence the environmental optima of sardines (Peck et
al., 2018). The magnitude at which climate change altor e match-mismatch of
sensitive species within their environmental optima bas “een challenging to forecast
(Petitgas et al., 2013; Evans et al., 2015). In the n.°rine environment each species
exhibits specific responses to ocean warming, ~cic*fication and/or O, depletion by
improving physiological performance to a’ar., shifting dispersal range limits to
preserve climatic niche, or even may fac: local extirpation (Lima et al., 2019; Jutfelt,
2020). A particular attention has een given to populations of organisms that are
currently exploited because ovarfi*h:ng has threatened stocks that are already heavily
affected by variability and ¢»ange in climate. Fishing hotspots for the European sardine
(and the European anchu 'V, coincide with marine fishing areas already affected by
climate change. Tnu., tu maintain the species resiliency within a “safe operating space”,
it is suggested the redistribution or reduction of fishing intensity along these fishing
areas (Ramirez et al., 2021).

Climate change is acknowledged to reshape the geographical distribution of
prey, predators, and/or competitors of the European sardine with complex
trophodynamic consequences including negative effects on fisheries (Maynou et al.,
2014). Although productivity and plankton availability are unlikely to pose limitation to

the spatial expansion of sardine in the future, changes in top predators’ abundance (e.g.
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larger fish, marine mammals and birds) might affect sardine populations (Checkley et
al.,, 2017). For example, in regions where projections revealed increased habitat
suitability by the end of the century (e.g. Iberian Peninsula, the Norwegian, the White
Sea and the Mediterranean Seas), range expansion might be counterbalanced by a
higher abundance of predators or competitors and the lack of adequate prey, leading to
decreased sardine populations (Fréon et al., 2009).

The European sardine is widely distributed and share their habitats in northeast
Atlantic, Mediterranean and Black Seas with many other <P+ of high ecological and
economic importance [e.g. Atlantic horse mackerel (Trachurus trachurus), European
sprat (Sprattus sprattus), European anchovy (E. enc-asicolus), Mediterranean horse
mackerel (Trachurus mediteraneus), round sard’ne.'a (Sardinella aurita) and bogue
(Boops boops) among others] (Schickele et " ~.020). As these species have different
environmental optima, the dominanc: of other SPF that co-occur with the European
sardine could also be modified by changeable environmental conditions (Guisande et
al., 2004). By comparing our resi'te with other projections, it is possible to conclude
that the higher degree of o.~rlapping between the European sardine and the European
anchovy along continenta: <'ielves will be maintained towards the end of this century
(Raybaud et al., 2017 scnickele et al., 2020). Adult sardines are morphologically better
suited to capture smaller prey items than anchovies, and their diet generally does not
overlap completely when inhabiting the same areas (Garrido and van der Lingen, 2014).
Such pattern is confirmed by carbon and nitrogen isotopic signatures that suggests that
prey and trophic position between these two species changes at regional and spatio-
temporal scales (Chouvelon et al., 2014). However, projections show that larger-sized

phytoplankton will experience more severe declines, leading to variation in resources
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availability and in the prey choice of a species, which may enhance competition
between these two species in the future (Marinov et al., 2010; Bacha et al., 2017).

Global warming also promotes intensification of alongshore winds on the ocean
surface and may lead to acceleration and intensification of coastal upwelling (Xiu et al.,
2018). Upwelled or mixed water is rich in nutrients but also enriched in CO, and
depleted in O,. Thus, ocean acidification and oxygen depletion are expected to be
highly dependent on changes in upwelling intensity (Xiu et al., 2018). Consequences of
these processes include decreased biodiversity, decreasint hicmass, shifts in species
distributions, displacement or local extirpation. Sardinr.s 1.~ay also experience long and
lasting hypoxic episodes during the reproduction stage, leading to the decreasing of
eggs production and putative effects on recruitment ahlke et al., 2020). Most of these
alterations are also expected to intensify in *he firure, leading to changes in primary and
secondary productivity and forcing sc <dires to respond differently to the use of coastal
habitats and different diets (Garriac ot al., 2015). Likewise, the predatory pressure on
sardines has changed and may ~or.tir,ue to change markedly towards the future as new
communities emerge due (" lautudinal migration, leading to shifts in the top-down
regulation of sardine stocn~

Global warm.ng a1so induces alterations of hydrological cycles/river discharges,
winds, ocean currents, stratification and acidification, affecting pelagic habitats and
species distributions (often poleward), but SPF may have different constraints in their
ability to respond to these shifts. However, the phenology of sardine spawning and
primary/secondary production may evolve differently under climate change, potentially
leading to seasonal mismatches, affecting mortality and recruitment (Fréon et al., 2009;
Checkley et al., 2017). Eco-physiological limitations may also be pronounced if

warming continues in the Mediterranean Sea, pushing sardines to “climatic refugees”
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likely to occur in the northern regions (Ben Rais Lasram et al., 2010), confirming the
projections of our study. On the other hand, along the northeast Atlantic and Black Sea,
the combination of warmer annual patterns and winter temperatures may allow sardines
to overcome thermal constraints during spawning and recruitment (Dahlke et al., 2020).

Species’ acclimation is expected to guarantee resilience and greater survival
when climate change has little effect in environmental optima. When such conditions go
beyond sardine’s environmental optima range, acclimation may become weak to
promote resilience (Anderson et al., 2013). Approximatel'’ &C generations of sardine
will occur between now and 2100 (Claireaux and Chabut, 2019). However, this number
is relatively low, leading to uncertainties concerning whether sardines will adapt to
these fast-changing climatic scenarios.
5. Conclusion and recommendations

A poleward shift in the centrc of “ne distribution range of the European sardine
is projected to gradually occur to.'ards the end of this century along the coast of
Norway, with a latitudinal expansic» more prominent by 2100 under RCP 8.5, a pattern
widely reported for other C2F. The environmental variables with highest explanatory
power were sea surface wmerature, distance to the nearest coast, sea surface salinity
and current velocity. 11e higher habitat suitability occurs especially in calmer waters
(CVEL < 0.1 m s%) closer to the coast (< 250 km from the nearest coast) where
temperatures ranges between 11°C and 22°C, salinity between 17.3 (PSU) and 39.6
(PSU). It is calculated an expansion of 9.57% in the total distribution range of the
European sardine by 2100 under RCP 8.5, whilst a prominent contraction of 19.31% is
calculated in the Atlantic African Coast by 2050 under RCP 4.5. The responses of
sardines to climate change scenarios seem to be mainly associated with shifts in

environmental optima, likely influencing the suitability of spawning, recruitment and
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feeding habitats at regional scales. However, the effects of climate change on regional
scales are often overlooked or misunderstood, leading to challenges in proper
conclusions. Most species’ distribution range will continue to exhibit high suitability
between consecutive climatic scenarios, but local climatic variability [e.g. NAO,
Atlantic Multidecadal Oscillation (AMO)] and fisheries (e.g. spatially-unbalanced
fishing effort and density dependent processes) will continue to act in synergy with
climate change putting pressure in sardine stocks and affecting the spatial dynamics of
sardines towards the future. In this sense, the evaluation ~f r..~torical datasets on the
abundance/biomass of SPF landings and maximum si.sw.naple yields, as well as the
employment of fisheries and mass balance models 'inder different climate change
scenarios would be extremely important to fulfil su.me knowledge gaps regarding the
future of population sizes. The availability o fr.e access data of fisheries institutes is
increasingly a necessity to the imp ovement in the quality and quantity of model
projections of future environmer.*al parameters to support a more sustainable
management of these resources

The combined effects o1 rising temperatures, O, depletion and acidification are
expected to induce putaw.:’e changes in metabolism and growth, energetic reserves,
swimming ability ai.? valdative stress/damage. Additionally, unravelling signatures of
selection in the context of changeable environments will help to understand more
precisely whether SPF will be able to follow environmental optima and expand their
distribution in the future or maintain viable populations in the impacted areas.
Information about organismal putative responses to new climate conditions is needed to
improve our capacity to predict climate impacts on sardines and other SPF. Therefore,

the use of mechanistic SDMs is urged by the scientific community in order to consider
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the full range of processes shaping species distribution because individuals’ occurrences
will be conditional to the species’ adaptive responses to climate change.
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FIGURES

Figure 1. Map of spatial points representing the occurrence of Sardina pilchardus along
its distribution range. Geographic coordinate system: WGS 1984. R package: Maptools

(https://cran.r-project.org/web/packages/maptools/index.html).
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Figure 2. Relative importance of the selected environmental variables for the present-
day and future scenarios. First and second column: Single variable effect plot for the
single smooth terms [s(SST) and s(SSS)]. Third column: 3-D interaction plots. The x
and y-axis of the interaction plots reflects the relative importance of each variable in the
model and the interaction effect is presented on the z-axis. The dashes on the x-axis of
single terms, the so-called ‘rug’, indicates the density of points for the different variable
values. The solid black line indicates the GAM coefficients, and the shadowed grey area
represents the 95% point-wise confidence bands at p = 0.05 G,*M: Sardina pilchardus

~ §(SST) + (SSS) + s(CVEL, DIST).

Figure 3. Maps of suitability indicating the variak.in. ' 1n the probability of occurrence
of Sardina pilchardus (from 0 to 1) as predicted Ly the selected binomial model Sardina
pilchardus ~ s(SST) + s(SSS) + s(CVEL. L''S1) according to the present-day and future

scenarios. Geographic coordinate systei.. WGS 1984.

Figure 4. Maps of suitability shif.s u ‘< to climate change indicating gains and losses in
the probability of occurrence of 3ardina pilchardus as revealed by the differences
between the present-day an.' 2100 scenarios under each RCP. Geographic coordinate

system: WGS 1984,
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Table 1. Description of environmental satellite parameters used into modelling.
MODIS: Moderate-resolution Imaging Spectroradiometer, WOD: World Ocean
Database, ARMOR: Global Observed Ocean Physics Reprocessing, ORAP: Global
Ocean Physics Reanalysis, NASA: National Aeronautics and Space Administration,
GODDARD: NASA’s Goddard Space Flight Center.

U Source of
Abbre nit Sensor/Mo Resol climate Sources of  Referen
Parameter viation s del ution data reanalyses ces
Average sea
surface Aqua-
* o
temperature SST C MODIS 0.083 ARMOR bio- Assis et
Average sea PS ° oracle.org al., 2017
surface salinity* SSS U WOD 2009 ' B
Average current m
velocity* CVEL s  Multiple ORt P
Generic
Distance to the k Mapping oceancolor.g  NASA,
nearest coast DIST m Tools 0.01° CDDARD sfc.nasa.org 2009

* parameters represented by the contemporary and future sce 1ar.s (RCP 2.6, RCP 4.5 and RCP 8.5 by
2050 and 2100)
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Table 2. Results of the 12 best GAMs (Method: Restricted maximum likelihood). s:
natural cubic spline based smooth term, D%: deviance explained, AIC: Akaike’s
information criterion, SP: Sardina pilchardus (presence/absence), SST: Sea surface
temperature (°C), SSS: Sea surface salinity, CVEL: Current velocity (m s™), DIST:
Distance to the nearest coast (km). Bold: selected model.

2100
Present- | 2050 RCP 2050 2100 2050 2100
Models day RCP 2.6 2.6 RCP45 | RCP45 | RCP85 | RCP85
D D D Al | D D D D
% AIC % AIC % C i% AIC|{% AIC|% AIC|% AIC
SP ~s(SST) + 9 9 9 9 9 9
s(SSS) + s(CVEL, 9 869i{5 925i6. 8475 925{5 902! 6. 855| 6. 846
DIST) 6 34{ 7 98{1 82i8 98i . 17i1 29i1 94
SP ~ 5(SST) + 5(SSS) 8 8 8
+s(CVEL) + 9 946{5 121i8 8979 997' 9 111 8 879 9 89
s(DIST) 6 85{ 9 614i6 26{ 9 Fo'u 514i 9 65{ 5 85
8 6 9 6 i 8 8 9
SP~s(SST)+s(SSS) 0. 131 6. 131 /3. 933/0. 95 |8 111{8. 867 | 4. 127
+s(CVEL) 3 5145 7751 4 37,7 49,6 217, 9 92 6 517
7 7 2217 ] 8 9 7
SP~s(SST)+s(SSS) 3. 131, 0. 045 /0. 865| 3. 934{9 9472 862 8. 127
+s(DIST) 4 895 6 72 ", 4 88,4 826 25| 8 664
7 9 7 721 6 6
SP ~s(SST) + 7. 131:0. 937i0. 2510 111: 9 937 9 8630 127
s(CVEL, DIST) 6 7711 2 63 . 7,8 415 4 63 3 833 7 991
9 9 Py 9 9
SP~sS(SST,SSS)+ 5. 887 {5 996 i. 903; 9 9265 9365 866 9 987
s(CVEL, DIST) 7 452 9.9 64,5 88i2 748 776 66
6 5 9 7
SP~s(SST,CVEL) 0. 900{9. 48 /0. 8778 976{ 9 920 9 904 9 897
+5(SSS, DIST) 7 360 w83 64,4 960 093 15/ 0 68
6 {9 5 121 7 7 8
SP~s(SST,SSS)+ 0. 87¢ ' 1. 107{8 31.[ 7 178{0. 8878 217 9. 870
s(CVEL) + s(DIST) 4 17135 7181 6 3,7 833/ 8 7318 546 7 17
6 6 6 1211 5 8 8
0 754 875{2 79.i9 131/9. 985{0. 237/ 9 865
SP~s(SST)+5s(SSS) & 3F4 i 8 354 3 6/ 2 776} 2 115 4 564 4 853
o 2141 9 6 121 263 9 227
SP~sS(SST,SSS)+ A 045. (3. 133{0. 57.0 7 046.{ 4. 144} 6 277 9 645.
s(DIST) 3 9/ 1 592} 4 81 9 3/ 8 568i 9 664 6 9
9 233 104{ 9 974 8 111 6 100 5 106 7 103
SP~s(SST,by=SSS) 0. 750.{ 9 163.{0. 66.}8 811.[9. 230.{8. 965 | 0. 758.
+ DIST:CVEL 2 610 211 16 1{ 5 703 707 3
8 7 1121 8 824 7 163 277 9
SP ~ 5(SST) + 9. 8759 875.03. 55.{0. 376.i 6 945.{ 7 975 0. 889
CVEL:SSS 6 354 8 61 7 317 216 3,7 8.8 3 354
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Table 3. Environmental conditions for each climatic scenario (annual averages from

monthly-means) based on the occurrence dataset.

Sea surface Sea surface salinity Current velocity Distance to the
temperature nearest coast
Clim Mi M Averag Mi M  Averag Mi M  Averag M M Averag
atic n ax exS.D. n ax exS.D. n ax exS.D. in ax exS.D.
scen
arios
Prese 9.6 23. 1793z 18. 38. 3571+ 00 04 0102z 0 46 16.70z
nt- 4 08 3.51 89 84 131 25 38 0.032 0 22.28
day
2050 10. 24. 18.78% 18. 39. 3565% 00 04 0.104=
RCP 21 03 3.47 70 26 1.33 27 41  0.033
2.6
2050 10. 24. 1881+ 18. 39. 35.71% 00 04 0104%
RCP 42 18 3.36 98 21 1.28 26 41 N33
45
2050 10. 24. 1897+ 18. 39. 3558+ 00 04 0.05%
RCP 40 41 3.42 71 05 1.40 26 42 0.033
8.5
2100 10. 23. 1851+ 18. 39. 3548+ 00 04 0103z
RCP 19 94 3.42 49 56 1.44 ¢4 41l 0.033
2.6
2100 10. 24. 1896+ 18. 39. 3543% JO 04 0.101%
RCP 33 51 3.51 30 62 1.52 24 41 0.034
45
2100 12. 26. 20.70* 17. 39. 351.+ 0.0 04 0101z
RCP 02 43 3.33 34 08 1.4 25 39 0.034
8.5
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Table 4. Area in square kilometres (Km?) showing suitable habitats under
present-day conditions and future climatic scenarios (2050 and 2100)
considering overall suitability between 0.25 and 1. Parenthesis indicates the %

of gains or losses in area when compared to the contemporary condition.

RCP 2.6 RCP 4.5 RCP 8.5
Present-
Geografic area day 2050 2100 2050 2100 2050 2100
2,522, 2,541, 2528, 2,546, 2,539, 2,715,
353 090 369 007 435 051
Total Area 2,477,79 (L.79 (255 (2.04 (2.75 (2.48 (9.57%
1% % % %) %) )
258,58 246,09 243,88 265,17 250,00
1 9 R 2 7 269,37
Iberian Peninsula (6.57 (142 (0..0 (9.28 (3.037 2
242,638 %) %) %) %) %) (11%)
404,94 416,99 L2 RZ 405,30 422,36
9 o 5 9 9 443,02
(10.51 (13.29 11.79 (10.61 (15.26 6
Eastern Mediterranean 366,421 %) %) %) %) %) (21%)
472,49 02,66 475,88 483,08 48415 52126
7 4 3 9 6 3
Western (2.2 (407 (261 (416 (439 (12.39
mediterranean 463,781 0,) %) %) %) %) %)
652,'7 679,52 668,84 671,76 673,29 727,52
2 4 2 9 5 4
(353 (782 (6.13 (6.59 (6.84 (15.44
North Mediterranean 630 794 %) %) %) %) %) %)
237,18 232,25 228,21 226,10 244,77 250,18
8 1 6 5 1 3
(13.02 (10.67 (8.75 (7.74 (16.63 (19.21
South Mediterranean ~ °r9,858 %) %) %) %) %) %)
106,97 124,85 115,40 124,92 124,91 209,52
5 1 0 3 6 1
Norwegian Coast anr. (16.17 (35.58 (25.32 (35.66 (35.64 (127.5
White Sea 92,087 %) %) %) %) %) 2%)
214,48 207,15 190,97 220,22 210,82
0 4 0 4 9 237,30
(- (- (- (- (- 8
9.37% 1247 19.31 6.95% 10.91 (0.27%
Atlantic African Coast 236,663 ) %) %) ) %) )
436,67
446,66 466,27 441,38 3 419,86
7 438,26 7 8 (- 2
Western U.K. coast (0.89 0 (5.32 (- 1.36% (-
and Ireland 442,719 %) (-1%) %) 0.3%) ) 5.16%)
559,12 556,86 559,30 550,24 553,62 553,69
English Channel and 6 7 1 5 7 5
North Sea 564,092 (- (-1.28) (- (- (- (-
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Highlights

* Climate change may cause a poleward shift in sardine distribution.

* Mean SST, SSS, current velocity and distance to the coast explained distribution.

* Future climate scenarios suggest new suitable habitats at high latitudes.
* By 2100, sardine range is projected to expand in the Norwegian and White Seas.

+ Habitat loss is projected on African Coast, in the British Isles and North Sea.
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