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ABSTRACT

Aim Marine conservation often prioritizes measures based on ecosystem diversity,

missing important information on the size and structure of communities such as

that provided by body size-spectra (SS). While most studies have focussed on tem-

poral or spatial patterns of SS, there is no research investigating their spatial

heterogeneity, which is a key community trait revealing mechanisms of resilience.

We aimed to comparatively determine the main patterns of variation of fish SS

and their spatial heterogeneity across geographic and bathymetric gradients.

Location Shelf and slope Atlantic and Mediterranean demersal ecosystems.

Methods Using the information obtained from the experimental surveys, we

calculated fish SS at four bathymetric strata and investigated the influence of

the biomass of small-sized and large-sized fish on their temporal and spatial

variation. We also assessed the functional relationship between the mean pat-

tern and the spatial heterogeneity of SS as a characteristic structural trait of a

community.

Results The variation in SS demonstrates that Atlantic communities were geo-

graphically and bathymetrically more connected, while those in the Mediter-

ranean were more fragmented. The relationship between mean SS and its

spatial heterogeneity was a community fingerprint differentiating two contrast-

ing pathways of community recovery between Atlantic and Mediterranean

ecosystems. Atlantic communities were recovering because of the temporal

increasing contribution of large fish and a ‘rescue effect’ of neighbouring areas,

which have spatially homogenized size structure. Mediterranean communities

were, by contrast, spatially clustered and highly dependent on small-sized fish

variability that hampers the capacity of ecosystems to recover after a chronic

degradation.

Main conclusions Patterns of SS variation depend on the spatial complexity

of communities, which contrasts between Atlantic and Mediterranean systems.

Integrative analyses of size-based indicators (mean and variance) provide a

complete assessment of the structural properties of communities and character-

ize the resilience mechanisms of recovery against perturbations under contrast-

ing ecological contexts.
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INTRODUCTION

Several ecosystem and community indicators have been pro-

posed to assess and monitor the health of marine ecosystems

(e.g. Shin et al., 2005; Greenstreet & Rogers, 2006 and refer-

ences therein). Most indicators are generally defined as

potentially sensitive to external stressors, particularly those of

anthropogenic origin such as fishing impact (Trenkel &

Rochet, 2003, 2010) or climate change (Levin et al., 2010).

They range from estimates of the properties of single species

or multi-species group, such as size-based indicators, bio-

mass ratios or biodiversity indices, to metrics at the ecosys-

tem level often derived from modelling. While finding robust

ecosystem and community metrics to test external effects has

been proved difficult (Rice, 2000; Trenkel & Rochet, 2003),

size-based indicators such as size-spectra (SS) are among the

most currently used. This is because of their sensitivity to

external stressors (Jennings & Dulvy, 2005; Sweeting et al.,

2009) while providing information about the structural

properties of marine systems (Jennings et al., 2001; Blan-

chard et al., 2009).

The SS measure how the abundance or biomass of species

decrease log-linearly with size as a result of the energy trans-

fer among organisms of different size. Trophic positions of

marine organisms often depend more on body size than on

the taxonomic identity (Jennings et al., 2001), and SS allow

linking empirical observations with ecological and metabolic

modelling (Blanchard et al., 2009; Andersen & Beyer, 2015)

or predator–prey theory (Kerr & Dickie, 2001; Law et al.,

2009). The slope of SS is often used to evaluate the size-

selective impact of fishing activity (Jennings et al., 2001;

Sweeting et al., 2009) (Fig. 1a), but it is also an indicator of

the rate of energy transfer to upper trophic levels (Kolding &

Zweiten, 2014). Altering the rate of energy transfer may

affect the community resilience to perturbations (McCann,

2000). However, it is often difficult to evaluate the effects of

fishing on the community structure, since they can be both

direct by triggering disproportional mortality on larger indi-

viduals, or indirect by increasing the abundance of small

prey species through predation release (increasing the slope;

Shin et al., 2005) (Fig. 1a). In addition, in communities

highly dependent on recruitment and the productivity of

small-sized fish, such as those in the Mediterranean Sea

(Colloca et al., 2013), slope variations might exclusively be a

consequence of the changes in the intercept regardless of the

impact of fishing on large fish.

Mounting research has focussed on the influence of

anthropogenic and environmental drivers on the temporal

(Blanchard et al., 2005) and the spatial (Daan et al., 2005;

Sweeting et al., 2009) variation of mean SS. However, few

studies have investigated the spatial variance of the slope,

rather than mean values, as an indicator of the spatial

heterogeneity of a community in terms of individual size.

Spatial variation of the slope can indeed be sensitive to exter-

nal drivers, because of spatial selection of fishing pressure,

clustering of the environmental drivers or fragmentation of

the community dynamics (Hsieh et al., 2010). In meta-popu-

lation and community ecology, the relationship between the

mean and the variance of species abundance has been largely

used to investigate how system diversity reduces temporal

variability, increasing the stabilizing capacities (e.g. portfolio

effect, Anderson et al., 2013). Thus, we hypothesize that

combining mean and spatial variance of SS may contribute

to characterize the stability and dynamics of marine commu-

nities in terms of their size-structure.

Here, we compare SS of continental shelf and slope fish

communities of Atlantic and Mediterranean ecosystems with

contrasting ecological, environmental and fishing impact

characteristics (see Methods). Although several works have

revealed the effects of fishing activity on those ecosystems

Figure 1 (a) Graphic representation of the potential drivers of variation of size-spectra over a baseline state. (b) Map representing the
Iberian Peninsula and the Balearic Archipelago and the distribution of stations sampled in a given year in the five different geographic

areas coded with different colours: Cantabric-Galician system (dark blue), Gulf of Cadiz (light blue), Mediterranean Iberian Peninsula
(purple), Alboran Sea (yellow) and Balearic Archipelago (red).
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(e.g. Trenkel & Rochet, 2010; Modica et al., 2014), few stud-

ies have investigated SS variation and none by means of an

Atlantic-Mediterranean comparative approach. In this study,

we first investigate the spatial and temporal variation of the

SS mean slope and its coefficient of variation (CV) as puta-

tive indicators of the spatial heterogeneity across bathymetric

gradients (from shallow shelf to middle slope) and contrast-

ing ecosystems in the Atlantic and the Mediterranean. For

each system, we investigate the functional relationship

between the SS mean and the spatial heterogeneity, and we

expect to characterize the resilient capabilities of a given

community attending to the functional form of this relation-

ship. To understand the spatial and temporal variation of

these SS indicators, we determine the influence of the small-

sized and large-sized components of fish community.

MATERIALS AND METHODS

Study areas

Five areas have been analysed separately given the contrasting

geographic and oceanographic scenarios for analytical and

comparative purposes: Cantabric-Galician system and Gulf of

Cadiz in the Atlantic Ocean, and Mediterranean Iberian

Peninsula, Balearic Archipelago and Alboran Sea in the west-

ern Mediterranean (Fig. 1b).

The Cantabric-Galician system is dominated by wind driven

oceanographic processes and summer coastal upwelling in the

western area, while it is more dependent on the variability of

the central water masses and on mesoscale structures in the

eastern area (�Alvarez et al., 2010). In the Gulf of Cadiz, the

circulation is dominated by Mediterranean Outflow Water,

which forms a strong bottom current flowing towards the west

and north-west. The interaction of this outflow water with

topography and the entrainment process induces significant

circulation in the surface layer (Peliz et al., 2009). In the

Mediterranean, the environment is highly clustered at local

scale (Rossi et al., 2014), which makes the spatiotemporal

dynamics of the organisms highly adapted to local conditions

(Puerta et al., 2015). In the Mediterranean Iberian Peninsula,

winter processes such as the vertical mixing and the amount

of intermediate waters formed by deep convection dominate

the hydrography that ultimately affects the marine ecosystems

in the Balearic Archipelago in spring and early summer

(Balb�ın et al., 2014). The Alboran Sea is the most heteroge-

neous environment of our study systems and it is character-

ized by a turbulent mixing because of exchanges of

Mediterranean and Atlantic waters and persistent anticyclonic

gyres that create oligotrophic conditions. However, the

incoming Atlantic jet strongly enhances primary and sec-

ondary production in surface waters around the gyres in com-

parison to other Mediterranean regions (Oguz et al., 2014).

In terms of fishing impact, the state of north-east Atlantic

populations has shown evident signs of recovery (Fernandes &

Cook, 2013; Modica et al., 2014) and change (Punz�on et al.,

2016). However, it is still unclear how this improvement has

affected the dynamics and the structure of the Atlantic com-

munities and ecosystems. By contrast, Mediterranean stocks

are in an alarming decline, which calls for new measures to

promote fisheries sustainability (Vasilakopoulos et al., 2014).

Data

This study uses the information of four different fishery-

independent bottom trawl surveys carried out to evaluate the

status of demersal and megaepibenthic ecosystems of the

Spanish continental shelf and slope. In the Atlantic, surveys

have been conducted in autumn (September–October) since

1983 along the Cantabric and Galician coast (S�anchez & Ser-

rano, 2003) and since 1994 in the Gulf of Cadiz (Silva et al.,

2011). In the Mediterranean, surveys are conducted in spring

(May–June) and started in 1994 off the Iberian Peninsula

(Bertrand et al., 2002) and in 2001 off the Balearic Archipe-

lago (Massut�ı & Re~nones, 2005). See ICES (2010) and Ber-

trand et al. (2002) for technical details of the surveys in the

Atlantic and Mediterranean respectively. To apply a compar-

ative platform among all study areas, which show sharp

bathymetric gradients delineating different fish communities

(e.g. S�anchez & Serrano, 2003; Massut�ı & Re~nones, 2005),

sampling stations were analysed separately in four depth

strata: shallow shelf (50–100 m), deep shelf (100–200 m),

upper slope (200–500 m) and middle slope (below 500 m).

Data used included the number of individuals caught by

species and length category per swept area on a given foot-

print (distance towed 9 wingspread) in a sampling station.

Catch at length (L) were converted to weight (W) at length

using length–weight relationships (W = aLb), where a and b

parameters were obtained from each specific survey or, when

not available, from FishBase (www.fishbase.org). Catch

weight at length for species and length class in each sampling

was standardized to density (g km�2). To calculate the bio-

mass spectra, standardized catch weight at length was allo-

cated to body weight classes, each of length 0.5 on a log2
scale from 0 (1 g) to 17 (131,072 g), encompassing a total of

34 body classes. The biomass spectra analyses are only appli-

cable to individuals over the size ranges that are effectively

sampled by the gear (Jennings & Dulvy, 2005), excluding

individuals below the size that were not effectively sampled.

The threshold applied was 32 g (body class 10).

Linear models were used to regress log2 normalized bio-

mass (i.e. total biomass per body weight class divided by

weight span of the weight class) against the midpoint of each

log2 weight class, with sampling station as a grouping factor.

This grouping factor specifies the partitioning of the data

according to which linear models are fitted to provide sam-

pling station-specific estimates (Pinheiro & Bates, 2000). To

perform the analyses, we applied the ‘lmList’ function of the

nlme R library. These station-specific estimates were used to

calculate the mean annual values of the slope and the annual

CV (standard deviation/mean) considering the mean and the

variation of slopes across sampling stations in a year. They

were calculated for each area and bathymetric strata. We also
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assessed the mean versus CV relationships as a potential

community fingerprint to be compared among areas and

bathymetric strata.

To analyse the temporal variation of the mean and CV of

the slope, we assessed the influence of the small-sized and

large-sized components of SS. This approach also facilitates

geographic and bathymetric comparisons. Estimates of stan-

dardized biomass of small-sized and large-sized components

of SS per sampling station and year were calculated. From all

increments of body weight classes finally selected for each

spectrum, fish individuals in the smallest 15% of size classes

were considered ‘small-size’, while fish individuals in the lar-

gest 25% of size classes were considered ‘large-size’. Prelimi-

nary analyses were performed with different threshold values,

having yielded similar results (not shown). In addition, spe-

cies richness was also measured at each sampling station to

evaluate the potential influence of fish diversity on the vari-

ability of mean slope and CV of SS.

Analyses

For each area and bathymetric stratum, linear models were

applied to analyse the influence of the biomass of the small-

sized and large-sized fraction, the species richness and their

interactions on the temporal variation of the mean slopes

and their CV. The influence of small-sized fish on SS is an

indication of variation in the mean productivity of the sys-

tem, which is mainly affected by the environmental influence

on the high turnover component of the spectra (Kolding &

Zweiten, 2014; Fig. 1a) while it can be also influenced by the

indirect effects of fishing in the community (Daan et al.,

2005), or even direct effects in poorly size-selective (e.g.

Mediterranean, Sweeting et al., 2009; Colloca et al., 2013) or

indiscriminate fisheries (McCann et al., 2016). An influence

of the large-sized fish is, by contrast, a likely indication of

increase or release of fishing impact. Once all the model

combinations were tested, the final model showing the high-

est goodness-of-fit for each area and stratum was selected

based on the minimization of the Akaike information crite-

rion (AIC). Before analysis, we calculated the variance infla-

tion factor (VIF) to assess the potential collinearity among

the three covariates. A conservative cut-off VIF value of three

was applied (Zuur et al., 2009), and we found no evidence

of collinearity. Residuals were checked for the absence of

temporal autocorrelation applying the autocorrelation func-

tion (acf) on the residuals of each linear model. Normality

of the residuals was checked using Lilliefors and Shapiro-

Wilk tests. Although slopes of SS are always negative, we

modelled them as absolute values for an easier interpretation

of linear model coefficients. That is, the slope value is posi-

tively proportional to the steepness in the linear models.

To assess which areas were more sensitive to the influence

of small-sized and large-sized fish, and to the community

diversity, we performed Spearman rank correlations at each

sampling station between each of the drivers and the slope

values, assuming potential monotonic relationships. To

counteract the problem of multiple comparisons of Spear-

man’s rank correlations performed over space, we used a

Bonferroni correction for the significance values. Only those

sampling stations that could be followed in time for more

than 11 years (the shortest time series in the Balearic Archi-

pelago) were considered for the correlations.

RESULTS

Mean size-spectra per area and stratum

Mean SS per bathymetric stratum and area are presented in

Fig. 2, with the statistics of all the linear regressions in

Appendix S1 in Supporting Information. They show, on

average, a smaller slope on the Cantabric-Galician shallow

shelf (ShS) (Fig. 2a), with higher mean density in the Balea-

ric Archipelago. In the deep shelf (DeS, Fig. 2b) and the

upper slope (UpS, Fig. 2c), the Cantabric-Galician and

Balearic Archipelago displayed very similar mean SS. In these

three bathymetric strata, Mediterranean Iberian Peninsula,

Alboran Sea and Gulf of Cadiz showed similar and interme-

diate patterns. In the deepest stratum, the middle slope

(MiS), the slope of all the areas was generally less steep, with

the exception of the Cantabric-Galician and Gulf of Cadiz

that displayed slopes similar to other bathymetric strata.

Mean SS of MiS showed higher geographic variability in the

mean value (Fig. 2d), with the most productive fish

spectrum observed in the Alboran Sea and the lowest in the

Balearic Archipelago and the Mediterranean Iberian

Peninsula.

Time series of the size-spectra’s mean slope and

coefficient of variation

Time series of the mean annual slope of SS showed non-lin-

ear temporal trends in all areas and bathymetric strata (see

Appendix S2). Time series of SS slopes in the DeS and UpS

in the Atlantic areas showed correlated temporal patterns

both in the Cantabric-Galician shelf (Cor = 0.61, P < 0.05,

Fig. 3a) and the Gulf of Cadiz (Cor = 0.60, P < 0.05,

Fig. 3b). By contrast, DeS and UpS displayed uncorrelated

temporal patterns within each region in the Mediterranean

(Fig. 3c–e, all P > 0.05). No temporal correlation was found

in any of the regions with ShS or MiS strata.

The inter-annual pattern of the CV was generally highly

variable with no evidence of non-linear trends (see

Appendix S2). Significant and negative temporal trends (i.e.

P < 0.05 in the slope of this relationship) were tested and

only observed for the DeS (Fig. 4a) and the UpS (Fig. 4b) of

the Cantabric-Galician system, and the MiS of the Alboran

Sea (Fig. 4c), with slopes of the SS spatially more homoge-

neous towards recent years. Conversely, the MiS of the

Balearic Islands showed a positive and significant temporal

trend with more spatially heterogeneous slopes in recent

years (Fig. 4d). The rest of the time series did not show any

significant temporal pattern (see Appendix S2).
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Figure 2 Mean biomass spectra for the

shallow shelf (a), deep shelf (b), upper slope
(c) and middle slope (d). Colour coding for

the different geographic areas as in Fig. 1:
Cantabric-Galician system (dark blue), Gulf

of C�adiz (light blue), Mediterranean Iberian

Peninsula (purple), Balearic Archipelago
(red) and Alboran Sea (yellow). See

Appendix S1 for the statistics of all the linear
regressions of the mean biomass spectra.

Figure 3 Time series of size-spectra slope for the deep shelf (black) and the upper slope (red) of the different geographic areas:

Cantabric-Galician system (a), Gulf of Cadiz (b), Mediterranean Iberian Peninsula (c), Alboran Sea (d) and Balearic Archipelago (e). See
Appendix S2 for time series of all the bathymetric strata and geographic areas.
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Mean slope versus CV relationships

The relationship between the mean annual values of the

slope and their CV defined a system-specific fingerprint of

the community, while it displays two contrasting patterns

(illustrative examples in Fig. 5 and all the relationships in

Appendix S3). The first pattern represented high

heterogeneity (high CVs) in years with steeper slopes (more

negative values). The ShS, DeS and UpS of the Cantabric-

Galician system followed this pattern (see Appendix S3).

From a comparative perspective, SS are spatially more

heterogeneous in the UpS than the DeS of the Cantabric-

Galician system for a given value of the mean slope

(Fig. 5a,b), with a similar decreasing rate of CV in the two

bathymetric strata. The second pattern was the opposite,

showing more spatial homogeneity in years with steeper

slopes (i.e. low CVs). This pattern was followed by the rest

of geographic areas and bathymetric strata with the excep-

tion of ShS and DeS of the Balearic Archipelago, which did

not display any clear relationship (see Appendix S3). As an

illustrative example, the UpS and MiS in the Alboran Sea

showed this pattern with low variable and steeper slopes in

the UpS compared to MiS (Fig. 5c,d), and a higher rate of

CV increase in the later.

Influence on the temporal variation

Table 1 summarizes the results of the best linear models on

the annual values of both the mean slope and the CVs. Almost

all models analysing the temporal variation of the mean slope

evidenced a primary positive effect of the biomass of the

small-sized individuals, indicating steeper slopes in years with

higher production of small fish. A secondary and opposed

effect of large-sized fish was observed in half of the systems

with steeper slopes in years with depleted biomass of large fish.

In the two systems where the best model did not show a signif-

icant effect of small-sized fish (UpS in the Balearic Archipelago

and MiS in the Cantabric-Galician system) species richness

showed a positive effect on the steepness of the slope.

In the models analysing the temporal variation of CV, a

negative effect of the biomass of large-sized fish was observed

in almost half of the models evidencing an increase of the

spatial heterogeneity in years with depleted abundance of

large fish (Table 1). A positive effect of the abundance of

small fish and a negative effect of species richness appeared

to be more residual. Interacting terms were not significant

(P > 0.05) in any of the models investigated for the two

response variables: mean slope and CV. The residuals of all

the models followed a normal structure (P > 0.05, Lilliefors

Figure 4 Time series of the coefficient of variation (CV) of the mean annual slope of the size-spectra for the deep shelf (a) and the

upper slope (b) of the Cantabric-Galician system and, middle slope of the Alboran Sea (c) and Balearic Archipelago (d). Red line
represents the linear regression adjustment to temporal trend (significant slope in all the relationships: ***, P < 0.001; **, P < 0.01; *,
P < 0.05). See Appendix S2 for time series of all the bathymetric strata and geographic areas.
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test and Shapiro-Wilk test) and were not temporally corre-

lated (P > 0.05, acf).

Influence on the spatial variation

At a spatial scale, the variation of the slope was generally

associated with the variation of the biomass of small fish.

This is particularly evident in the two shallower strata (ShS,

Fig. 6a, and DeS, Fig. 6b). For the ShS, this influence was

much more scattered in the Atlantic when compared with

the Mediterranean, while for the DeS this influence is wide-

spread in the Cantabric-Galician system with some small-

scale spots of influence of large fish (Fig. 6b). However, the

UpS of the Cantabric-Galician system displayed an important

geographic segregation of the small-fish effect located in the

Cantabric area (north of the Iberian Peninsula), while the

effect of the large fish was observed on the Galician area

(north-west of the Iberian Peninsula) (Fig. 6c). In the Gulf

of Cadiz, there was a largely distributed effect of small fish

from the ShS to the UpS (Fig. 6a–c), while this effect was

only observed on the ShS and DeS in the Balearic Islands

(Fig. 6a,b). Few and scattered spatial effects were observed

on the MiS (Fig. 6d). No significant effect of richness was

observed in any area and bathymetric strata.

DISCUSSION

Along with functional complementarities of different fish

groups (Rice et al., 2013), the spatiotemporal variation of SS

are essential fingerprints of marine communities. In the same

way that fish populations depend on its demographic struc-

ture to cope with external disturbances, communities rely on

their structural properties, being the SS one of the main pil-

lars of resistance and resilience. The dynamics of benthic–
pelagic coupling (Trueman et al., 2014), the net influence of

sub-surface primary production and pelagic subsidies (Stasko

et al., 2016), and how this ultimately affects the transfer effi-

ciency along the trophic chain highly differ across bathymet-

ric and geographic gradients, and those are primary

important drivers of SS. Because of the difficulty of investi-

gating regionally specific processes that take into account the

aforementioned drivers, in this study, we focus on the main

commonalities and differences emerged from a cross-system

comparison to shed new light on key mechanisms underlying

the biogeography of fish communities. Our study shows both

common properties, which are independent of the variability

at local scale, but also contrasting regional dynamics between

Atlantic and Mediterranean communities. Mean SS per area

reveal some relevant differences between these two large

regions. For instance, Atlantic communities do not always

show less steep spectra as it would be expected from systems

having higher biomass of large fish compared with the

Mediterranean (Colloca et al., 2013), which generally has

stronger contribution of small-sized species displaying high

turnover rates (Sweeting et al., 2009).

One of the main contrasting patterns observed between

the Atlantic and Mediterranean systems is the different

degree of connectivity of fish communities between

Figure 5 Relationship between coefficient

of variation (CV) and the mean slope of the
size-spectra for the deep shelf (a) and the

upper slope (b) of the Cantabric-Galician
system in the Atlantic that illustrate an

inverse correlated pattern of this
relationship. The upper slope (c) and the

middle slope (d) of the Alboran Sea in the
Mediterranean are examples of the positive

correlated pattern in this relationship. See
Appendix S3 for these relationships for all

the bathymetric strata and geographic areas.
Red line represents the significant linear

adjusted relationship (significant slope in all
the relationships: ***, P < 0.001; **,
P < 0.01; *, P < 0.05). Black squares
represent the beginning of the time series

and black circle the end.
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bathymetric strata. While the Atlantic deep-shelf and upper-

slope communities display correlative inter-annual patterns,

those in the Mediterranean show independent temporal pat-

terns between bathymetric strata. This evidences that com-

munities in the Mediterranean are bathymetrically (and also

geographically, see below) more segregated than those in the

Atlantic Ocean. This indicates that similar biotic and abiotic

drivers would influence SS in the Atlantic at a larger spatial

scale, while different drivers may be discordant at each stra-

tum in the Mediterranean. For instance, fishing has a homo-

geneous impact across strata in the Atlantic (Punz�on et al.,

2010), whereas fishing effort displays spatial heterogeneity in

some areas of the Western Mediterranean (e.g. Farriols et al.,

2015).

Our study reveals temporal variation in the spatial hetero-

geneity of SS of certain Atlantic communities with lower val-

ues of CV towards recent years, particularly in the

Cantabric-Galician region. It evidences structural changes in

the Atlantic with communities spatially more homogeneous

in terms of fish size in the recent years. This would indicate

spatial recovery of the community because of lower fishing

impact while maintaining similar mean SS. Such interpreta-

tion is consistent with Modica et al. (2014), who found two

contrasting periods in terms of fishing mortality of the most

harvested species that shifted to lower impact from the early

90s.

Deep-sea ecosystems (i.e. middle slope) showed the most

contrasting SS among regions. They displayed larger varia-

tion of fish production, with higher values (i.e. spectra inter-

cept) in the Atlantic than in the Mediterranean, except the

Alboran Sea likely due to the high abundance of large deep-

sea elasmobranches in this area (Ram�ırez-Amaro et al.,

2015). Owing to its low turnover and long life cycles of its

main species, deep-sea ecosystems are highly vulnerable

(Clarke et al., 2015). Our work also evidences a high level of

spatial heterogeneity (e.g. higher spatial dissimilarity in terms

Figure 6 Spearman rank correlation coefficients calculated at a given sampling station between the mean annual slope and the small-
sized component (blue bubbles), and the large-size component (red bubbles) of the fish community for the shallow shelf (a), deep shelf

(b), upper slope (c) and middle slope (d). Note that for graphical representation of the correlations and comparison of values in all
areas, correlations have been standardized and represented as absolute values (see Table 1 for direction of the effects). Significance of

correlation coefficients has been adjusted by Bonferroni correction.
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of size) towards recent years in several systems. For instance,

a generalized steepness of mean spectra in Cantabric-Galician

middle slope during the last two decades, which contrasts

with the pattern observed in the shelf and the upper slope, is

in accordance with the general current degradation of Atlan-

tic deep-sea ecosystems (Clarke et al., 2015). In the Mediter-

ranean Sea, the observed fast increase in the heterogeneity of

SS in the middle slope off the Balearic Islands suggests a

potential increase of the fishing impact on deep-sea commu-

nities. This result is consistent with a documented bathymet-

ric displacement of fishing activity towards deep-sea waters

to harvest crustaceans with a consequent impact on fish

communities (Hidalgo et al., 2009).

As a general pattern, mean biomass of small-sized individ-

uals drives short-term temporal variation of the mean slope

in almost all systems analysed, while mean biomass of large-

sized fish shapes the long-term pattern of SS as well as the

CV. This suggests that inter-annual variability of productivity

of small-sized fish mainly of short-lived species and the

recruitment of medium- and large-sized fish are the main

causes that shape short-term fluctuations of size-spectra. This

may be caused by the effect of regional and local environ-

mental variability, but also by direct fishing impacts on

poorly size-selective systems such as the Mediterranean Sea

(Sweeting et al., 2009; Colloca et al., 2013) or indirect effects

related to the potential increase of prey abundance in

response to predator declines (Daan et al., 2005). However,

long-term trends of SS are especially dependent on drivers

affecting the abundance of large-sized fish, basically a curtail-

ment or increase in fishing impact. Fishing activity on dem-

ersal ecosystems generally shows size selection towards the

large fish. This not only reduces their abundance, affecting

the mean slope of the SS, but also erodes the species distri-

bution by local depletions of large individuals that can affect

the spatial heterogeneity in terms of fish size (Ciannelli et al.,

2013). In addition, the impact of regional-scale environmen-

tal changes such as the progressive increase in the bottom

temperature in the Atlantic cannot be disregarded. Recent

studies in the Cantabric-Galician shelf show warming-

induced changes in the distribution of demersal fish that

triggered a northward shift of the species distribution limits

and changes in richness (Punz�on et al., 2016), which has also

been observed in closed Atlantic regions (e.g. North Sea,

Hiddink & Hofstede, 2008). This may decrease the species

differentiation among habitats and contribute to the spatial

homogeneity of the community in terms of size as observed

in our results.

One of the most novel outcomes of our study is that the

relationship between the mean slope of the SS and its CV is

a recurrent fingerprint revealing structural properties of a

given community. Our results reveal two contrasting patterns

of this relationship related to different spatial structure of

fish communities. First, an inverse relationship between the

mean size-spectrum and its CV reveals communities spatially

more even and homogenous when the SS slope is less steep.

This was primarily observed in the Cantabric-Galician

system. We argue that this pattern is a consequence of a

regional-scale dynamics affecting this community with large

geographic and bathymetric continuity of the fish communi-

ties, in which the increase of biomass of large fish occurs

homogenously in space as a clear sign of ecosystems recovery

(Modica et al., 2014). This is also consistent with the compe-

tition theory (Pimm & Hyman, 1987) and previous studies

(e.g. North Sea, Daan et al., 2005) that suggest a compen-

satory redistribution of individuals after a size-dependent

mortality (e.g. fishing). Fish take advantage of the less com-

petitive environment where fishing has occurred, resulting in

less spatial variation in the spectra. We expected observing

this pattern in most systems. Conversely, the most recur-

rently observed pattern was the opposite – a direct relation-

ship between the mean SS and its CV, revealing more

heterogeneous communities as the slopes of the SS decrease.

We suggest that this functional relationship is restricted to

communities covering a small area (e.g. Gulf of Cadiz) or

communities geographically and bathymetrically clustered,

which is the case of deep-sea and Mediterranean Sea com-

munities. In this case, the increase of community biomass of

large fish occurs at small scales and most likely in asyn-

chrony with other community patches that, in essence,

increases the spatial complexity of the community in terms

of fish size. This is consistent with the recent research that

evidences that population and communities in the Mediter-

ranean are adapted to environmental conditions at local

scale, triggering contrasting dynamics at short distances

(Puerta et al., 2015). However, further research on mechanis-

tic ecological modelling would be required to provide com-

plementary evidences to this interpretation.

At local scale (i.e. sampling stations), the influence of

small-sized fish was recurrent. In the shallow Atlantic and

Mediterranean communities, the effects of small-sized fish

are generally widespread. Besides a generally scattered effect

of large fish observed in sporadic locations from deep shelf

to middle slope, our results reveal an underlying pattern in

the Cantabric-Galician upper slope with a clear geographic

segregation of the large fish effects restricted to the Galician

area (north-west of the Iberian Peninsula). Because this is

the Atlantic area with the historically highest fishing impact

within the study systems (MAGRAMA, 2012), a temporal

decrease in the fishing impact in the Galician area reported

in recent studies (Modica et al., 2014) allowed increasing the

abundance of large fish. This observation echoes the regional

trend in CV in the Cantabric-Galician systems and suggests

that a recovery of the Atlantic community might have started

because of the decrease of fishing in this area and bathymet-

ric strata. As evidenced in our study, this would allow the

recovery of the large-sized component of the fish communi-

ties that ultimately triggered a progressive homogenization of

the whole Cantabric-Galician Sea likely favoured by the

bathymetric continuity of communities and a ‘rescued’

neighbouring effect (Shackell et al., 2012).

In a meta-community context, communities with larger

spatial continuity and spatial scale of similarity have an
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advantage in heavily exploited systems, because locally

depleted populations are more likely to be ‘rescued’ by

neighbouring areas (Shackell et al., 2012). This is consistent

with the pattern observed in the Atlantic shelf-slope ecosys-

tems at the Cantabric-Galician Sea and its history of recovery

(see above). By contrast, communities with a small spatial

scale of similarity display higher complexity in the fish meta-

community structure (Shackell et al., 2012). This might have

the advantage of an ‘ecological insurance’ against local per-

turbations that are not easily transmitted to neighbouring

areas. However, it has also the disadvantage of hampering

the capacity of ecosystems to recover after long-term and

established fishing impacts in a region because of the lack of

the ‘rescued’ effect. This may be the case in the Mediter-

ranean Sea with a documented long-term impact of fishing

(Vasilakopoulos et al., 2014).

CONCLUSIONS, BROAD SCALE IMPLICATIONS

AND FUTURE CHALLENGES

Our study provides evidence of two contrasting pathways of

both degradation and recovery of fish size-structure between

the Atlantic and Mediterranean ecosystems. Atlantic commu-

nities, particularly those in the north of the Iberian Penin-

sula, have benefited from a broad geographic and

bathymetric continuity of communities that provide them

higher capabilities in terms of resilient mechanisms as

observed in the recovery over the last decades. Such recovery

mainly emerged from a reduction of fishing impact in the

Galician waters (NW Iberian peninsula) that allowed an

increase of biomass of large fish and consequent change in

the size-structure of the whole region. By contrast, Mediter-

ranean communities are much more fragmented and highly

dependent on the variation of small fish. This isolation may

hamper a potential recovery once anthropogenic pressures

decrease in the region because all ecological processes will

operate mainly at local scale.

Our study may have large implications for other Mediter-

ranean and Atlantic areas. Current marine science calls for a

better understanding of the consequences of the depletion of

fish stocks in the structure of communities and ecosystems,

but even more importantly for their future recovery capacity

(Worm et al., 2009). Although Atlantic fish populations have

successfully recovered (Fernandes & Cook, 2013), no study

investigated how this improvement has affected the dynamics

and the structure of the Atlantic communities and ecosys-

tems. This is of high relevance knowing that the ‘rescue

effect’ has been an important mechanism of recovery

observed in certain Atlantic ecosystems (Shackell et al.,

2012). Our study demonstrates that the mean and the spatial

variability of size-structure are important elements to under-

stand these mechanisms.

By contrast, Mediterranean stocks are in an alarming

decline (Vasilakopoulos et al., 2014) and large-scale

research on the communities’ size-structure is needed to

understand to what extent the observed fragmented

patterns are replicated in other Mediterranean areas. Given

the relevance of fish size on marine food webs (Blanchard

et al., 2009), it is essential to understand whether the spa-

tial and temporal patterns of variation of SS are a conse-

quence of the chronic degradation of the Mediterranean

systems or a natural fragmentation of the meta-commu-

nities. Our results provide the basis to frame further

research on the spatiotemporal dynamics of fish size that

will also benefit from taking into account the ecological

function of different fish groups (Blanchard et al., 2009;

Rice et al., 2013), to assess the health of marine ecosystems

combining information of both structural properties and

ecological functions.
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