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The Mediterranean Sea is an invasion hotspot, with non-indigenous species
suspected to be a major driver behind community changes. We used size
spectra, a reliable index of food web structure, to examine how the influx of
Red Sea fishes into the Mediterranean Sea has impacted the indigenous species
community. This is the first attempt to use changes in the size spectra to reveal
the effect of biological invasions. We used data from trawl catches along Israel’s
shoreline spanning 20 years to estimate changes in the community size spectra
of both indigenous and non-indigenous species. We found that the relative bio-
mass of non-indigenous species increased over the 20 years, especially for small
and large species, leading to a convergence with the indigenous species size
spectra. Hence, the biomass of indigenous and non-indigenous species has
become identical for all size classes, suggesting similar energetic constraints
and sensitivities to fishing. However, over this time period the size spectrum
of indigenous species has remained remarkably constant. This suggests that
the wide-scale invasion of non-indigenous species into the Mediterranean
may have had little impact on the community structure of indigenous species.

1. Introduction

Biological invasions are increasing globally and generating much debate regard-
ing their effect on indigenous biodiversity [1,2]. The Mediterranean Sea is subject
to an ongoing invasion of Red Sea species through the Suez Canal in one of
modern history’s most important biogeographic transitions [3]. Among these
invasives are over 100 fish species, more than documented for any other marine
ecosystem in the world [4]. These invasive species now constitute more than
50% of the fish biomass in some Eastern Mediterranean habitats [5]. While inva-
sives are suspected to be a major driver behind ichtyofaunal community change
[5], direct evidence for their effect on indigenous community structure is generally
lacking. The unparalleled magnitude of invasion in the Eastern Mediterranean
provides a unique opportunity to understand how massive establishment of
new species impacts existing communities.

The community size spectrum describes the relationship between the
summed biomass of all species within a biomass class and the body size class
[6]. Given the size-based trophic structuring of aquatic ecosystems, size spectra
serve as a reliable index of food web structure [6,7]. Size spectra are ubiquitously
negative and mostly log-linear, with the intercept determined by the commu-
nity’s productivity and the slope by the efficiency of biomass transfer across
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Figure 1. Size spectra of Mediterranean fishes. (a) Indigenous (black) and non-indigenous (grey) species in 1990—1994. (b) Indigenous and non-indigenous species

in 2008—2012. Dashed lines represent 95% Cl.

trophic levels [8]. In addition, steepening of the size-spectra
slope may serve as an indicator of increased fishing for large-
sized fish [9,10]. The effects of biological invasions on the com-
munity size spectrum, however, have not been studied.

Here, we used data on trawl catches along Israel’s shore-
line from two time periods spanning 20 years to examine how
the influx of Red Sea species into the Mediterranean Sea has
impacted the local community’s size structure. As marine
systems are predicted to be increasingly exposed to invasion,
our results have implications for understanding the future
of other, currently less impacted, regions.

2. Methods

We used data from trawl surveys conducted, using identical
methods, in the years 1990-1994 and 2008-2012 along the Israeli
continental shelf, between latitudes 31°20’ N and 33°05" S, with a
depth range of 15-300 m [5,11]. Data from 1990-1994 consisted
of 241 hauls, and from 2008-2012 of 253 hauls. For each haul, a
random sample of one box representative of the total catch (total-
ling approximately 5kg and 260 + 10 (s.e.) individuals) was
identified to the species level, counted and measured for total
length (TL) to the nearest 0.5 cm. Since the sample’s proportion
of the total catch biomass is estimated but not measured directly,
we treat total catch biomass for this study as unknown and thus
have data only on the relative abundances. Altogether, the data-
set contains 127 805 individuals of 168 species of fish, along with
the total length for each. We used species-specific a and b coeffi-
cients acquired from FishBase [12] to transform TL into biomass
using the length—weight relationship W= aL”.

For each group of indigenous or non-indigenous species within
each time period, we assigned fish to log, weight classes and
summed the cumulative biomass within each weight class. Fishes
of less than 8 g were excluded from the analysis as they are under-
represented due to trawl size selectivity, and fish of more than
8192 g were excluded because surveyors during the second
sampling period may have overrepresented large individuals
(D. Edelist 2017, personal communication; electronic supplementary
material, figure S1). We examined trends in each group and weight
class’s proportional biomass, calculated by dividing cumulative
biomass of each weight class by the total biomass sampled

within each period. While this division does not influence the
size-spectrum slopes, it is necessary for the comparison of size-spec-
trum intercepts across time. Lastly, to transition from measures of
proportion to ecologically relevant measures of biomass, we multi-
plied the calculated proportions by the mean sampled total
biomass of the two time periods (i.e. half the sum of total biomass
sampled in both time periods). This step does not affect further ana-
lyses. Cumulative biomass was normalized by dividing biomass
within each size class by the size class width [13], log;o-transformed
and plotted against the log;o-transformed mid-point of each size
class in order to produce a size spectrum. This was done for each
origin group (indigenous versus non-indigenous) and sampling
period (1990—1994 versus 2008—2012).

To examine the effect of origin and period on size-spectra par-
ameters, we used linear models with the normalized cumulative
biomass as the response variable, the mid-point of each size class
as a covariate, and period and origin as categorical predictors.
When needed, a second-order polynomial term was added to size
class. To determine differences in size-spectra slopes, models were
tested with and without interaction terms (size class x period or
size class x origin). Model comparisons were based on AICc values.

Since indigenous and non-indigenous differ in species richness,
anull model was used to test whether the differences in size spectra
across groups may be an artefact of dividing a community into two
groups of unequal size. The null model was based on 9999 random
splits of the community into two groups, maintaining the observed
non-indigenous and indigenous species richness. Each randomized
community was subjected to a model similar to the original ana-
lyses that resulted in a distribution of regression coefficients that
we then compared to the observed coefficients.

3. Results

Eastern Mediterranean fishes display overall negative size
spectra, with indigenous and non-indigenous communities
showing different temporal trends (figure 1). In 1990-1994
(figure 1a), indigenous species exhibited a linear size spectrum,
while the non-indigenous species exhibited a nonlinear one
(AAICc = 8.35 in favour of the model with a second-order
interaction; electronic supplementary material, table S1), with
underrepresentation of smaller and larger size classes. Relative
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biomass of non-indigenous species, across all size classes, was
lower than that of the indigenous species (p < 0.01; figure 1a).

In 2008-2012, both indigenous and non-indigenous species
showed linear size spectra (figure 1b). Importantly, neither the
size-spectra intercept nor the slope differs between indigenous
and non-indigenous species, producing nearly perfectly over-
lapping curves (AAICc=3.26 in favour of model without
origin; electronic supplementary material, table S1). The resem-
blance of the two groups’ size spectra translates into a one-
to-one ratio of indigenous to non-indigenous biomass across
all examined size classes.

Across time periods, the size-spectra slopes for indi-
genous species were similar (AAICc = 3.02 in favour of the
model without a period x size class interaction term; electronic
supplementary material, table S1). The intercept, however,
decreased significantly over time (p < 0.01). However, since
we used relative biomass as opposed to total biomass,
a decrease in the indigenous size-spectrum intercept is
statistically inevitable given increasing proportion of non-
indigenous biomass. The size spectrum for non-indigenous
species, however, varied between time periods (AAICc=
5.64 in favour of the model with period x size class® interaction
term; electronic supplementary material, table S1) and with a
higher intercept (AAICc > 3 for models with period; electronic
supplementary material, table S1).

To test for the robustness of these results to the unequal
species richness across origin groups, we applied a null. In
2008-2012, we found that for non-indigenous species the null
models predicted similar size-spectrum intercepts (electronic
supplementary material, figure 2Sa) and slopes (electronic
supplementary material, figure S2b) to those observed. This
suggests that the size spectrum does not differ from that
expected for a community of indigenous species of similar rich-
ness. However, in 1990—-1994 the null model for non-indigenous
species predicted higher size-spectrum intercepts (electronic
supplementary material, figure S2c), lower slopes (electronic
supplementary material, figure S2d) and smaller curvatures
(electronic supplementary material, figure S2e) than observed.

4. Discussion

We used the community size spectra, a well-established indi-
cator of aquatic community structure [10], to assess the effect
of the continuous influx of non-indigenous fish species on the
Mediterranean indigenous fish community. This is the first
attempt to use size spectra to address the impact of biological
invasions on community structure. We found that the size spec-
trum of indigenous species maintained its slope in the face of a
large and size-specific increase in non-indigenous fish biomass.
This suggests that the massive invasion has a relatively minor
effect on the structure of the indigenous community.

It has been proposed that indigenous Mediterranean fish
species may be more sensitive to size-selective fishing than
non-indigenous species [14]. A difference in sensitivity to fish-
ing is expected to result in divergent size-spectra slopes
between indigenous and non-indigenous species. However,
our results indicate that indigenous and non-indigenous size
spectra converge over time, while the slope for indigenous
species did not change. This suggests that fishing may have a
similar effect on indigenous and non-indigenous fishes.

Increased competition for local resources has been hypoth-
esized as a major impact of biological invasions on indigenous

species. If invasives increase unevenly across size groups we n

may expect a reduction in indigenous species biomass at the
size groups impacted, altering the shape of the size spectrum.
We found that the size-spectrum slope of indigenous species
has remained constant, even though the relative biomass of
non-indigenous species increased considerably for small and
large size classes (figure 1). This pattern suggests either weak
or size-independent competition between indigenous and
non-indigenous species and a remarkably robust size spectrum
for indigenous species. One possible reason for the apparently
weak competition between indigenous and non-indigenous
species is that non-indigenous species tend to occupy ecologi-
cal niches that are underutilized by indigenous species [15].
Given the long history of exploitation in the Mediterranean
Sea, underutilized niches may be more common than in less
impacted environments, which might experience stronger
competition between indigenous and non-indigenous species.

The increase in biomass of non-indigenous species over the
time period examined could result from two non-mutually
exclusive processes: the continuous introduction of new species,
or increases in already introduced, rapidly growing popu-
lations. We found that both of these processes are taking
place, with 14 new species documented in the 2008-2012
time period paralleled by a 25% increase in relative biomass
for the non-indigenous species present in the first time period
(electronic supplementary material, table S2). This is corrobo-
rated by the null model analyses that found that in the first
time period the size spectrum was dramatically lower than
null expectations. The difference from null was most noticeable
in smaller and larger species, as shown by the greater than
expected non-linearity of the size spectrum (electronic sup-
plementary material, figure S2). However, by the later period,
the non-indigenous species size spectrum did not differ from
that of the null expectations, which suggests a convergent com-
munity structure of indigenous and non-indigenous species,
in terms of relative biomass distribution across species.

The converged size-spectrum slope of —2.65 is lower than
the widespread value of —2 hypothesized by Sheldon [6,13].
The steeper slope could result from both a long history of
human exploitation and temperature-induced reduction in
body sizes given the warm nature of the eastern Mediterranean
Sea [16]. This convergence of size spectra suggests that indi-
genous and non-indigenous species are subjected to similar
energetic constraints and similar fishing impacts, although
they may not strongly compete for resources. While similarity
of slopes could stem from similar constraints, we have no a
priori reason to expect the identical biomass of indigenous and
non-indigenous species across size classes implied by the simi-
lar size-spectrum intercepts. Hence, it is hard to predict future
patterns associated with increasing numbers of non-indigenous
species. One possibility is that non-indigenous biomass will
continue to increase across size groups with no apparent effect
on the indigenous species’ size spectrum. However, it is also
possible that non-indigenous species have managed to fill all
trophic positions in the community. In this case, subsequent
growth of non-indigenous biomass may exert stronger compe-
tition on indigenous species and cause a future shift in
indigenous species community structure.

Data accessibility. The data used in the study were archived in BioTIME:
a database of biodiversity time series for the Anthropocene [17]. The
supplementary material available online contains the model selection
table output, the table describing species-specific changes in biomass
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