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Abstract

Aim: Understanding and quantifying the seasonal patterns in biodiversity of phyto-
benthos, macro-zoobenthos and fishes in Mediterranean coastal lagoons, and the
species dependence upon environmental factors.

Location: The study was carried out in the “Stagnone di Marsala e Saline di Trapani
e Paceco,” the largest coastal lagoon system in the central Mediterranean Sea (Sicily,
Italy), a Special Protection Area located along one of the central ecological corridors
joining Africa and Europe.

Methods: The coastal lagoon system was selected as a model ecosystem to investi-
gate the seasonal variations in biodiversity indices and dominance-diversity relation-
ships in phytobenthos, macro-zoobenthos and fishes, and how seasonal variations
in temperature, salinity, depth, inorganic and organic suspended matter affect the
abundance of the species constituting these communities. Models of ecosystem
structure, describing the interactions among functional groups and environmental
variables, were also developed using confirmatory path analysis and artificial neural
networks to exemplify their application in predicting temperature-driven alterations.
Results: Wide seasonal variations in biodiversity indices and dominance-diversity
relationships across the communities of the coastal lagoon system were observed,
driven by the dynamics in climate and resource availability. The effects of the envi-
ronmental variables on taxon abundances varied in relation to the community, with
the widest responses elicited in phytobenthos and fishes. Temperature was the main
variable affecting taxon abundances in macro-zoobenthos and was also the major
driver of shallow water ecosystem structure.

Main conclusions: This research shed light on the seasonal variations in biodiversity
of Mediterranean coastal lagoons, elucidating also the tight dependence of phytob-
enthos, macro-zoobenthos and fish diversity upon environmental factors. The find-
ings and the methodological approach proposed may be crucial in developing models
able to predict future climate-driven alterations in communities inhabiting these im-

portant and threatened ecosystems.
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1 | INTRODUCTION

Understanding the effects of climate change on biodiversity is cru-
cial to predict future changes in ecosystem structure and function-
ing (Bulling et al., 2010; Isbell et al., 2011). However, our ability to
predict modifications to community patterns and ecosystem dynam-
ics, in space and/or time, under climate change is still rudimentary
owing to the complexity of ecological systems (Thrush et al., 2014).
Yet, increasing our predictive ability is crucial to support the devel-
opment of conservation strategies able to mitigate and counteract
the anthropogenic-driven alterations of biodiversity and ecosystem
integrity expected in the near future (e.g., Bellard, Bertelsmeier,
Leadley, Thuiller, & Courchamp, 2012; Chapin et al., 2000; Dawson,
Jackson, House, Prentice, & Mace, 2011; Hulme, 2005; Sala et al,,
2000; Sara, Goubhier, et al., 2018; Thomas et al., 2004).

Among the emerging global stressors, increasing temperature is
expected to have the most pervasive effects on biodiversity (sensu
Wang, Brown, Tang, & Fang, 2009). Indeed, temperature drives bi-
ological processes in terms of effects on body size and metabolic
rates (Brown, Gillooly, Allen, Savage, & West, 2004; Gillooly, Brown,
West, Savage, & Charnov, 2001; Worm & Tittensor, 2018), and conse-
quently, it shapes intra- and interspecific ecological interactions and
density-dependent processes (Chapperon & Seuront, 2011; Clarke
& Gaston, 2006; Sibly, Brown, & Kodric-Brown, 2012; Ockendon et
al., 2014; Wang et al., 2009). Future temperature increases are ex-
pected to push ecological systems close to their current functional
boundaries, beyond which severe effects on communities and eco-
system functioning may occur (Burkett et al., 2005). Most mass mor-
talities and catastrophic events of the last decade have been driven
by sudden changes in weather, such as heat waves (Andréfouét,
Dutheil, Menkes, Bador, & Lengaigne, 2015; Frolicher & Laufkotter,
2018; Garrabou et al., 2009; Micheli et al., 2012; Oliver et al., 2018;
Pairaud, Bensoussan, Garreau, Faure, & Garrabou, 2014; Vergés et
al., 2016; Wernberg et al., 2016). Temperature variations also af-
fect food web structure and energy flows (e.g., Pernet et al., 2014;
Tunney, McCann, Lester, & Shuter, 2014) through physiological and
behavioural responses of organisms (Kearney & Porter, 2009) and
their subsequent effects on trophic interactions (e.g., Best, Stone,
& Stachowicz, 2015; Kirby & Beaugrand, 2009; Ockendon et al.,
2014; O'Connor, Piehler, Leech, Anton, & Bruno, 2009). Therefore,
understanding how organism responses alter food webs, and how
ecosystem functioning is affected by food web modifications, still
represent crucial requirements in predicting the impacts of climate
change on ecosystems (Hansson et al., 2013; Ockendon et al., 2014;
Post & Pedersen, 2008; Walther et al., 2002; Woodward et al., 2010).

Shallow water coastal ecosystems are particularly vulnerable

to changing environmental conditions (Lloyd, Metaxas, & deYoung,

2012) and are threatened by both local and global factors (Newton
& Weichselgartner, 2014; Newton et al., 2014 and references
therein; Andréfouét et al., 2015; Parry, Canziani, Palutikof, Linden,
& Hanson, 2007). Compared to deeper waters, which are more
thermally and chemically stable (e.g., Stefansdottir, Solmundsson,
Marteinsdottir, Kristinsson, & Jonasson, 2010), shallow waters
such as coastal lagoons and ponds are intrinsically more variable
(Pusceddu et al., 2003; Sara, 2009; Spivak et al., 2017) in their
physics and chemistry (e.g., temperature, depth, salinity, inorganic
and organic suspended matters). Moreover, due to the physical
connections between the benthic layer and the whole water col-
umn, the geochemical and biological dynamics are extensively
driven by benthic-pelagic interactions (sensu Grenz et al., 2017).
Shallow waters are mostly in close proximity to large human pop-
ulations and are therefore affected by management-induced alter-
ations to physical and chemical conditions (Airoldi & Beck, 2007)
that may exacerbate global climate change effects on ecosystems
(Anthony et al., 2009).

Easy to reach and rich in biodiversity, shallow waters not only
provide a wide range of ecosystem services to citizens but they are
also particularly suitable as open-air laboratories to study how bio-
logical diversity is affected by changing environmental conditions.
Further, shallow waters can be data replete as they easily host
large-scale studies measuring community biodiversity (Bintz, Nixon,
Buckley, & Granger, 2003; Grenz et al., 2017) and a large number
of environmental variables, allowing to investigate the driving pro-
cesses of biodiversity variations. These systems are thus ideal to
develop new avenues for predicting ecosystem responses at scales
that are relevant to biodiversity management and conservation in
the context of global climate change (Albouy et al., 2015; Petes,
Howard, Helmuth, & Fly, 2014).

While our ability to provide future predictions is increasing at
functional levels with the recent introduction of mechanistic in-
dividual trait-based bioenergetic models (e.g., Kearney & Porter,
2009; Sara, Palmeri, Rinaldi, Montalto, & Helmuth, 2013; Sara,
Rinaldi, & Montalto, 2014; Sara, Mangano, Johnson, & Mazzola,
2018), quantifying changes in community structure and biodiver-
sity is more complex and challenging (Bellard et al., 2012; Best
et al.,, 2015). On the one hand, machine-learning or deep-learn-
ing algorithms may provide a mathematical framework to model
complex dynamics, although they may lack ecological realism. On
the other hand, process-based models may provide exceptional
realism, but the complexity required to model individual pop-
ulations in complex communities may be overwhelming. Causal
network techniques such as Bayesian graphical models, struc-
tural equation models or path analysis bridge the gap between

the two approaches, providing ecological realism without the
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complexity of process-based models, but they are not particularly
suited to model complex communities either. These models have
been used, for example, to examine the relative weight of envi-
ronmental factors and anthropogenic disturbances (Schoolmaster,
Grace, Schweiger, Mitchell, & Guntenspergen, 2013), and the role
of carnivore (Calcagno, Sun, Schmitz, & Loreau, 2011) or alien
species on local community structure (McMahon, 2005). In ma-
rine systems, causal analysis has been used to model trophic web
responses to sea surface temperature in the North Sea (Kirby &
Beaugrand, 2009).

The “Stagnone di Marsala e Saline di Trapani e Paceco” is the larg-
est coastal lagoon system in Sicily (Italy) and represents one of the cen-
tral ecological corridors joining Africa and Europe, housing the largest
stop-over sites for migrating avifauna in the central Mediterranean
(Special Protection Area; EU Birds Directive 79/409/EEC). Here, we
quantify biodiversity in different communities along the lagoon food
web and clarify how their species respond to environmental factors.
Specifically, we aimed at evaluating the seasonal variations in biodi-

versity and at modelling the responses of individual species belonging

to phytobenthic, zoobenthic and fish communities, to temperature,
salinity, depth, organic and inorganic suspended matters. Finally, we
exemplify a possible modelling approach, based on the relationships
among communities and environmental variables, developing also fu-
ture scenarios for the changes in coastal lagoon ecosystems driven by
the environmental conditions expected under climate change.

2 | METHODS

2.1 | Study area

The study was carried out in Western Sicily (Southern Italy) in the
“Stagnone di Marsala e Saline di Trapani e Paceco,” one of the most
important coastal lagoon systems of central Mediterranean Sea,
encompassing 25 water bodies and representing an important hot
spot of biodiversity for the Mediterranean Sea (Mannino, 2010;
Mannino & Graziano, 2016; Mannino & Sara, 2006; Mazzola et
al., 2010; Vizzini, Sara, Mateo, & Mazzola, 2003). The site, recog-
nized as Special Protection Area since 2005 (ITA0O10028, EU Birds
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FIGURE 1 The “Stagnone di Marsala e Saline di Trapani e Paceco” lagoon system (green polygons) in Sicily, Italy, shown at different
scales. The nine studied coastal ponds (blue polygons) are indicated by orange dots, labelled using Arabic numerals: 1 = Reda (1.2 ha),
2 =Bellal (2.3 ha), 3 =Bella ll (2.1 ha), 4 = Maria Stella (1.6 ha), 5 = Morana (25.3 ha), 6 = Moranella (18.0 ha), 7 = Culcasi | (2.9 ha), 8 = Culcasi

11 (0.8 ha), and 9 = Anselmo (3.1 ha)



BELLINO ET AL.

1515
oty s isiwions IV THENGS

TABLE 1 Minimum and maximum values of the variables studied during the year in the nine ponds, as well as the mean squares statistics

based on the variances among ponds (MS;) and among seasons (MS)

Variable Winter Spring Summer Autumn MS, MS,

Temperature—T (°C) 14.08-17.93 18.16-21.10 27.23-31.72  20.49-2292  0.3x 10! 3.2 x 102
Salinity—S (%o) 24.06-36.60 19.75-29.80 28.31-46.67  27.23-33.29  1.8x 10" 1.6 x 10
Depth—W (m) 0.12-0.76 0.25-0.73 0.13-0.65 0.17-0.78 1.2x10"  3.0x107?
Inorganic suspended matter—ISM (mg/L) 7.00-212.22 8.01-115.67 8.21-99.75 2.05-159.80  2.8x 10° 1.3 x 10°
Organic suspended matter—OSM (mg/L) 8.42-77.78 6.25-703.03 3.58-394.33  3.72-54.58 1.7 x 10* 6.7 x 10*

Directive 79/409/EEC), lies on one of the most important migra-
tory corridors and represents a stop-over site for avifauna coming
from Africa to Europe and vice versa (Figure 1). The area, described
in detail in Sara, Leonardi, and Mazzola (1999), covers a total of
3,742 ha and includes both a large coastal pond system (“Saline di
Trapani e Paceco”) and the largest coastal lagoon in Southern Italy:
the “Stagnone di Marsala” (Site of Community Importance since
1995, ITA0O10026, EU Habitat Directive 92/43/EEC). The entire
area is subjected to a Mediterranean climate, with mild winters and
the highest temperatures in summer, associated with the lowest

precipitations.

2.2 | Field surveys and data collection

Sampling surveys were carried out in each season, during 2011-2012,
in nine coastal ponds (Figure 1, Table 1), representing more than
75% of the area covered by water bodies in the “Saline di Trapani e
Paceco” lagoon system. To study the relationships among biotic and
abiotic components, we focused on the major communities (phy-
tobenthos [Pc], macro-zoobenthos [Zc] and fishes [Fc]) and on the
main physicochemical variables (water temperature [T], salinity [S],
depth [W], organic [OSM] and inorganic [ISM] suspended matters).
Pc and Zc communities were sampled manually over three quadrats
of 20 cm? per pond in each season, whereas Fc by mean of three
seine nets (12 x 1 m; 5 mm wings mesh, 1 mm coded mesh) deployed
by hand, per pond in each season. Samples from both quadrats and
nets were fixed in 70% ethanol and properly labelled. Once in the
laboratory, samples were gently washed over sieves (0.5 mm mesh),
and thereafter, Pc and Zc components were sorted. Pc and Zc were
identified to the lower taxonomic level possible (Mannino & Sara,
2006 and references therein; Mangano et al., 2014), and the total
number of individuals per species was quantified. Environmental
variables included in this study were measured near the bottom in
triplicate per pond in each season. T, S and W were measured in the
field near each quadrat with a multiprobe gauge (YellowSpring Ysi
556), whereas ISM and OSM were measured on water samples, col-
lected nearby the quadrats using Niskin bottles, through drying and
loss-on-ignition (450°C for 4 hr). Further details on the methods em-
ployed in environmental analyses can be found in Sara et al. (1999).
Overall, the dataset comprised a number of 108 quadrats, seine nets
and measures of each environmental variable (3 replicates x 9 ba-

sins x 4 seasons).

2.3 | Data analysis

The number of taxa and the relative abundances of Pc, Zc and Fc
were measured and combined using biodiversity indices (Magurran,
2004): estimated species richness (S,.¢), Margalef (DMg), Shannon
(H"), Brillouin (HB), Simpson (D) and Pielou (J'). Two indices for each
biodiversity measure, that is, species richness (SACE and DMg), diver-
sity (H' and HB) and dominance/evenness (D and J') were employed.
The S, index was derived according to abundance-based coverage
estimate (ACE) models. All the indices were calculated based on the
absolute abundances, where applicable. Differences in biodiversity
among seasons and communities were evaluated through a multi-
variate analysis of variance (MANOVA) using the biodiversity indi-
ces as dependent variables, the season and community variables as
fixed factors and Pillai's trace as the test statistics. The differences
in each biodiversity index in relation to the seasons and communi-
ties were assessed through linear mixed models using the pond as a
random factor. The significance of the differences among seasons
and among Pc, Zc and Fc was then evaluated using a Kenward-Roger
adjusted F test. These analyses were performed using the functions
of the “stats” (R Core Team, 2018), “Ime4” (Bates, Maechler, Bolker,
& Walker, 2015), “emmeans” (Lenth, 2018) and “multcompView”
(Graves, Piepho, Selzer, & Dorai-Raj, 2015) packages within the R
3.4.4 programming environment (R Core Team, 2018).

Community structure of Pc, Zc and Fc in each season was eval-
uated using dominance-diversity curves, described by the broken-
stick, niche preemption, lognormal, Zipf or Mandelbrot models of
species abundance. The models imply different set of hypotheses
about the niche apportionment, from lowest (preemption) to high-
est (lognormal and broken-stick) niche overlap, or about the relative
ecological requirements of species, with species selected by envi-
ronmental constraints (Zipf and Mandelbrot). Further details about
the models can be found in Wilson (1991) and Magurran (2004).
The choice of the optimal model was based on Akaike's informa-
tion criterion (AIC). Index calculation, curve construction and model
fitting were performed using the functions of the “vegan” package
(Oksanen et al., 2018) within the R 3.4.4 programming environment
(R Core Team, 2018).

To estimate the functional dependence of each taxon of Pc, Zc
and Fc upon the measured environmental variables, separate ridge
regression models were derived for each community using the “glm-
net” package (Friedman, Hastie, & Tibshirani, 2010) for the R 3.4.4
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programming environment (R Core Team, 2018). Specifically, L, pe-
nalized generalized linear models (elastic nets with ridge behaviour)
were defined, using the Hellinger-transformed abundance data of
each taxon as dependent variables and T, S, W, OSM and ISM as pre-
dictors. The choice of the optimal penalty parameter (1) value was
based on tenfold cross-validation using a grid of 10° 1 values in the
[0,1] range. The multivariate Gaussian family was employed for all
the models.

Modelling of temperature-driven changes in species richness,
through an approach coupling confirmatory path analysis (CPA)
and non-linear modelling with artificial neural networks (ANNs),
was demonstrated using environmental and DMg data. DMg was

chosen over S, as the response variable in DAGs due to its lower

SACE DMQ

B cba a aab I§

aabab

sensitivity to parameters related to sample size and rarity of the
species, upon which the latter is weighted (Magurran, 2004).
Specifically, fifteen hypothetical models relating DMg of Pc, Zc
and Fc and all the environmental variables were developed and
expressed as directed acyclic graphs (DAGs). Models varied in the
degree of connectivity, expressing different hypotheses about
the complexity in the relationships among the communities and
the environmental variables. Directed acyclic graphs were tested
using the “cpa” package (Bellino et al., 2015) in the R 3.4.4 pro-
gramming environment (R Core Team, 2018), and the best model
was selected based on the AIC, in order to take into account model
complexity, and on model probability (p), derived from Fisher's

C statistics and employed to exclude models with p < a (with

FIGURE 2 Radar plots of S,, DMg,
H’, HB, D and J' indices in relation to the
seasons indicated by coloured boxes at
the four vertices (red: winter, olive: spring,
turquoise: summer, violet: autumn) and
the communities (green: Pc, orange: Zc,
blue: Fc). Mean values are plotted along
with 95% confidence intervals (solid

lines and coloured bands, respectively).
Different capital letters in coloured boxes
indicate overall significant (for « = 0.05)
differences in each index among seasons,
irrespectively of the communities.
Different small letters indicate significant
differences (for « = 0.05) among seasons
for each community, according to their
colour
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FIGURE 3 Dominance-diversity Pc
(Whittaker's) plots of Pc, Zc and Fc
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a = 0.05). Single-hidden layer ANNSs, regularized through weight
decay using leave-one-out cross-validation, were used to func-
tionalize the relationships implied by the best DAG. The number of
hidden units was set to 20 for all the models, whereas the choice
of the weight decay parameter was made among 12 candidate val-
ues in the range [0,1] differing by half-order of magnitude each
other. Artificial neural networks were trained on the data using
the “nnet” package (Venables & Ripley, 2002) in the R 3.4.4 pro-
gramming environment (R Core Team, 2018). Finally, projections
of Pc, Zc and Fc diversity changes due to increases in temperature
were obtained by running ANN models with temperatures increas-
ing in steps of 0.25°C up to 3°C above those measured, to simulate
the high-emission trajectory scenario “business-as-usual” from the
IPCC (2014) (+3.2°C until 2,100, Representative Concentration
Pathway 8.5, AR5).

3 | RESULTS

All the environmental variables varied more among seasons (MS,)
than among ponds (MS,), with the only exception of ISM (Table 1).

The variations of S,.¢, Dy, H', HB, D and J' across the four seasons

Mg’
in Pc, Zc and Fc are reportged in Figure 2.

Overall, MANOVA highlighted significant differences both
among communities (Pillai's trace = 1.044, p < 0.001) and seasons
(Pillai's trace = 0.415, p < 0.001) in relation to biodiversity indices.
The same differences among Pc, Zc and Fc (always p < 0.001), as well
as seasons (Sycg and J': p < 0.01; Dy, H' and HB: p < 0.001), were
highlighted by the linear mixed models on individual indices, with
the exception of D, for which no difference was observed among
seasons. Pc constantly showed the highest values of all the indices,
with the exception of J' for which no difference (for a = 0.05) was
observed between Pc and Zc. Zc and Fc differed in the values of H’,
HB and J', all higher in the former than in the latter, but not in the
values of S, Dy and D.

The models describing the dominance-diversity curves of Pc, Zc
and Fc varied across the seasons (Figure 3). In Pc, the dominance-di-
versity pattern was described better by the niche preemption model
in winter and spring, which changed to the Mandelbrot model in
summer and then to the McArthur broken-stick model in autumn.
The niche preemption model also described the dominance-diver-
sity pattern of Zc in winter and summer, replaced by the Mandelbrot
model in spring and by the lognormal model in autumn. The latter
model described also the dominance-diversity pattern of Fc in win-
ter and was substituted by the Zipf model in spring and autumn and
by the niche preemption model in summer.

The coefficients () derived from the ridge regressions rela-
tiveto T, S, W, ISM and OSM for each taxon, indicating the relative
strength of their linear dependence upon the environmental vari-
ables, are reported in Figure 4. On average, Zc showed the nar-
rowest f range for all the predictors, especially W, ISM and OSM,
whereas Fc showed on average the widest f variations. More than
half of Pc taxa showed a negative response to S and, to a lower

extent, to ISM, and positive responses to W and OSM. The re-
sponses to T were mixed, with almost half of the taxa increasing
in abundance with T and the others decreasing. Similar mixed re-
sponses were observed for Fc in relation to all the variables with
the exception of OSM, which had a negative effect on all Fc taxa,
especially pronounced in Aphanius fasciatus.

The fifteen DAGs developed for CPA are shown in Figure 5.
Two DAGs, H and L, were rejected (p < 0.05) by CPA, making the
choice among the others a function of the AIC alone, due to their
different complexities. The model C (AIC = 89.28; p = 0.789) was
thus considered the best representation of the coastal lagoon eco-
system structure. In addition, this model allowed describing the
diversity of Pc, Zc and Fc as a function of temperature only, avoid-
ing the need to control other environmental variables during the
simulations.

The simulation outcomes varied seasonally (Figure 6), showing
eitherincreases or decreases in DMg due to increasing temperature.
Under an increasing temperature scenario, Pc showed the highest
richness values and the simplest dynamics, with predicted mono-
tonic decreases in spring and autumn and monotonic increases in
summer and winter. Conversely, Zc and Fc showed lower diversity
(Zc > Fc) and non-linear dynamics. In particular, an inversion in the
temperature-driven dynamics of DMg is recognizable in autumn
for Zc and Fc. In spring, summer and winter, Zc richness increased
according to increasing temperature, a pattern shared by Fc in
summer and winter only. Fc showed a decreasing richness with in-
creasing temperature in spring only. Overall, Zc showed the largest
seasonal variations due to the temperature gradient, especially in

winter.

4 | DISCUSSION

The present research constitutes the first study encompassing the
seasonal variations in biodiversity across phytobenthic, macro-
zoobenthic and fish communities and the modelling of their re-
sponses to several environmental factors in Mediterranean coastal
lagoons. The results obtained from 9 of the coastal ponds of the
“Stagnone di Marsala e Saline di Trapani e Paceco” lagoon system
highlighted uneven seasonal patterns of richness, diversity, domi-
nance/evenness and community structure. The two indices chosen
for each biodiversity measure provided similar responses in terms
of seasonal variations in the different communities. However,
the couple constituted by the Simpson and the Pielou indices, in
which the former provides a measure of dominance and the latter
a measure of evenness, represents an obvious exception. Species
richness, either derived from ACE analysis or normalized to total
specimen abundance (Margalef index), showed the widest seasonal
variations with a peak in spring and the lowest values in winter. The
pattern is mostly determined by the variations in the phytoben-
thic community, almost doubling the number of taxa from winter to
spring. Interestingly, the greater availability of resources occurring
in spring under Mediterranean climate, especially light, coupled
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FIGURE 4 Lollipop plots of the elastic net coefficients derived for T, S, W, ISM and OSM relative to the Pc (green), Zc (orange) and Fc

(blue) taxa
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(a) @ (b) @ (c) @ FIGURE 5 Directed acyclic graphs
(DAGsS) describing the causal relationships

among T, S, W, ISM, OSM and DMg of Pc,
Zc and Fc. The AIC, Fisher's C statistic (C)

I d the probability (p) for each model
DS 0‘ DS 2o reported. The model with the lowest
e ® e é e @ AlC is highlighted by a black frame
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with optimal environmental conditions (Mayot et al., 2017), deter- different dynamics at the community level. While algal blooms
mined diversification of phytobenthos rather than algal blooms. imply increases in dominance, higher slopes of the dominance-
Although with similar outcomes at the ecosystem level (increase diversity relationships and reductions in diversity, eventually de-

in primary productivity), the processes actually underpin very termining mono- or oligo-specific assemblages (Gomoiu, 1992;
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FIGURE 6 Simulated seasonal responses of species richness
(DMg) of Pc, Zc and Fc to increasing temperatures. Black bars
indicate the empirical means whereas coloured bars indicate the
simulated values according to ANNSs; the coefficients of variations
for each community in each season are also reported in the upper
part of each graph. Bar colour and length indicate the AT increase
over the measured temperatures

Green-Gavrielidis, MacKechnie, Thornber, & Gomez-Chiarri, 2018;
Yoshida et al., 2018), the opposite was observed in our coastal la-
goon system. Indeed, not only the number of phytobenthic taxa
increased during spring, but also the dominance remained sub-
stantially the same during the year and the slope of Whittaker's
curves actually decreased from winter to spring. In this context,
the niche preemption model suggests a sequential build-up of the
phytobenthic community, in which the number of species is limited
by resource abundance rather than by interspecific competition
(Magurran, 2004). This occurrence further supports the hypothesis
of a resource-driven diversification of phytobenthos during spring.
It is interesting to note how limiting factors or interspecific compe-
tition (implied by the Mandelbrot community model; Wilson, 1991)
shaped species abundances later, in summer, as expected consid-
ering the higher environmental constraints (water temperature,
salinity, depth), eventually determining a structure typical of late
successional stages in autumn, described by the broken-stick model
(Magurran, 2004). A similar pattern of seasonal community devel-
opment was shared by the macro-zoobenthic community, in which
an analogous sigmoid model described the dominance-diversity
relationship in autumn. The similarities between the dynamics of
the phytobenthos and the macro-zoobenthos also encompassed
the presence of two peaks of biodiversity in spring and autumn
and, conversely, its decline in winter, indicating a tight dependence
of the macro-zoobenthos dynamics upon those of the autotrophic
group. Indeed, an increase in phytobenthos diversity would result
in a greater availability of trophic and spatial niches for macro-zoo-
benthos and fishes (Schindler & Scheuerell, 2002; Solomon et al.,
2011). However, the variability among ponds in phytobenthos di-
versity was widest during winter, whereas the opposite occurred
in the macro-zoobenthic community, suggesting a variable versus
homogeneous occurrence of the environmental constraints for the
two communities across the nine coastal ponds of the “Saline di
Trapani e Paceco” lagoon system. Albeit with the same seasonal
dynamics in phytobenthic and macro-zoobenthic communities,
both richness and diversity reached values much lower in the latter
than in the former, and even lower in the fish community, indicat-
ing a decrease in biodiversity going up the trophic level. Although
with some differences, this result agrees with both theoretical
(Bastolla, L3ssig, Manrubia, & Valleriani, 2005) and field (Cohen,
Briand, & Newman, 1990; Lassig, Bastolla, Manrubia, & Valleriani,
2001) studies demonstrating biodiversity declines towards the
higher trophic levels. Although seasonal variations in species rich-

ness and diversity were also observed in the fish community, with
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peaks in summer, the low values (almost one order of magnitude
lower than in the phytobenthic community) and the wide variabil-
ity among coastal ponds hindered the detection of clear seasonal
trends. Similarly, the low number of taxa limits the effectiveness of
the models in describing the dominance-diversity relationships in
the fish community, preventing the proper evaluation of the com-
munity structure seasonal variations.

Clear, instead, is the negative effect of the organic suspended
matter on the abundance of fishes, especially the killifish A. fascia-
tus, a threatened species (listed in Appendix ||—Strictly protected
fauna species—and Appendix Ill—Protected fauna species—of the
Bern Convention, and in Annex Il of the Habitats Directive CD
92/43/EEC (1) 1992 and CD 97/62/EC 1997; Crivelli, 2006) repre-
senting the principal prey for the top predator and migrating bird
Egretta garzetta in the “Saline di Trapani e Paceco” lagoon system
(Piazza, Morganti, Sara, & Campobello, 2006). Converse to the
negative effects on fish abundance, organic suspended matter, as
with most of the environmental variables considered in this study,
did not affect the macro-zoobenthic taxa (with the exception of
Acanthochitona crinita). The environmental variable determining
the widest responses in the macro-zoobenthic community was
temperature, eliciting either increases in species abundance, as
in the mollusc gastropod Cerastoderma glaucum, or decreases, as
in the gastropods Bittium latrellii and Pirenella conica as well as in
the isopod Sphaeroma serratum and in polychaetes of the family
Nereidae. More complex are the responses of the phytobenthic
community, exhibiting wide variations in taxon responses, either
positive or negative, to the increase in each environmental vari-
able, especially temperature. Although species of high trophic lev-
els are thought to be more sensitive to temperature changes due
to their steep increase in growth rate with temperature (Montoya
& Raffaelli, 2010; Voigt et al., 2003), the same did not occur in our
study system, where many phytobenthic taxa exhibited elastic net
coefficients comparable or higher than those of the macro-zoo-
benthos and fish.

Among the candidate models relating water salinity, tempera-
ture, depth and the abundance of phytobenthos, macro-zooben-
thos and fish, CPA selected a model indicating that temperature
primarily affects the communities directly rather than indirectly
(e.g., by changing salinity) and it is one of the main determinants
of community diversity. Salinity is related to water temperature
(Pawlowicz, 2013), and this variable can be also a primary shaper
of marine communities (Lappalainen, Shurukhin, Alekseev, & Rinne,
2000; Williams, 1998), but does not appear to affect species rich-
ness in this system, an occurrence likely related to the abundance
of euryhaline species in coastal shallow waters (Kennish & Paerl,
2010). Similarly, depth consistently affects phytobenthic taxa,
mainly colonizing deeper waters, but was not selected as a driver
of species richness in the three communities. Although some of
the fish species observed in the lagoon system feed on zooben-
thos (e.g., Pomatoschistus sp.), the model did not involve a causal
relationship between species abundance of macro-zoobenthos

and species abundance of fish, likely in relation to the generalist
feeding behaviour of the species. The central role of temperature
on species abundances in various trophic levels was already eluci-
dated by Kirby and Beaugrand (2009) in the North Sea, showing
how increasing temperature altered ecosystem dynamics, favour-
ing jellyfish, decapod and detritivore communities.

Our study represents the first attempt to model diversity
across different communities (phytobenthos, macro-zoobenthos,
fish) in relation to water temperature in Mediterranean coastal
shallow waters, also employing model testing in the form of
Fisher's C statistic and AIC. Moreover, this approach focuses di-
rectly on the community level, rather than on the species level,
whereas other approaches, from the bioenergetics to the niche
models, allow simulation of the responses of single populations
or species to changing climate. The niche model, in particular, was
employed to predict the dynamics of more than one thousand
marine species until the 2050 (Cheung et al., 2009). These ap-
proaches, however, cannot model changes in biodiversity across
different functional or trophic levels since they would require
information rarely available for all the interacting species con-
stituting the communities. Although coarser, our approach may
thus allow a more comprehensive view, and possibly projection,
of the effects of the dynamic thermal mosaic on aquatic food
webs. The projected effects of temperature on diversity varied
among the communities and seasons, suggesting shifts in species
abundances and community composition that may have relevant
effects on ecosystem processes, for example, trophic webs and
nutrient cycling (Eviner & Chapin, 2003). Our model implies that
the observed relationships between community diversity and
temperature will be preserved across the +3°C AT above the
measured temperatures. This assumption may hold for moder-
ate warming but becomes more uncertain with more extreme in-
creases in AT. Moreover, the parameterization based on one year
dynamics further contributes to the uncertainty in the projec-
tions, which should be viewed as indications of possible system
evolution based on its current status and as an illustration of the
potential of the modelling approach in Mediterranean coastal la-
goons, rather than reliable forecasts.

According to our simulations, richness of phytobenthos will
show simple dynamics, with a progressive shift of the springtime
peak of biodiversity to winter and the highest increase in biodiver-
sity during summer. The diversity of the macro-zoobenthic and fish
communities similarly will increase during winter and summer, an
occurrence which can be related either directly to the changes in
temperature or indirectly through the increase in phytobenthos
diversity. Such patterns can be related to early phytobenthos de-
velopment and arrival of migratory benthic or pelagic animals or
their permanence for prolonged periods. Conversely, decreases
in biodiversity can be easily viewed as the result of niche loss and
determinants like competition and predation with newly incoming
species. Indeed, biotic interactions may be the primary mediators
of the impact of climate change on populations in both terrestrial
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(Ockendon et al., 2014) and marine ecosystems (Falkenberg, Russell,
& Connell, 2012; Ghedini, Russell, & Connell, 2015; Nagelkerken,
Russell, Gillanders, & Connell, 2016).

Considering the positive relationship between biodiversity
and productivity in many ecosystems (Cardinale, Ives, & Inchausti,
2004; Cardinale, Palmer, & Collins, 2002; Fridley, 2001; Paine,
1966), our modelling approach may allow translating the changes
to diversity across different trophic levels to changes in ecosystem
productivity (Doney et al.,, 2012), not traditionally considered in
climate change research (Tunney et al., 2014). Longer time series
in the future will allow enhancing the accuracy of the model and of
projections (e.g., Gauthier et al., 2013) that currently constitute a
baseline and a conceptual approach to assess ecosystem structure
and predict future evolutionary trajectories under climate change,
allowing the development of early warning tools for conservation

of entire systems.

ACKNOWLEDGEMENTS

Harmony Italy-Malta 2016 Grant (C1-3.1-31) funded by the Sicilian
Region and Maltese Government provided hardware and facilitated

networking among co-authors.

ORCID

Alessandro Bellino https://orcid.org/0000-0003-1554-3326

Maria Cristina Mangano https://orcid.org/0000-0001-6980-9834

Daniela Baldantoni https://orcid.org/0000-0002-6794-0107

Bayden Dwight Russell https://orcid.org/0000-0003-1282-9978

Anna Maria Mannino https://orcid.org/0000-0001-6419-7066

Antonio Mazzola https://orcid.org/0000-0001-8433-278X

Salvatrice Vizzini https://orcid.org/0000-0002-7127-7555

Gianluca Sara https://orcid.org/0000-0002-7658-5274

REFERENCES

Airoldi, L., & Beck, M. W. (2007). Loss, status and trends for coastal ma-
rine habitats of Europe. Oceanography and Marine Biology: An Annual
Review, 45, 345-405.

Albouy, C., Leprieur, F,, Loc'h, L., Mouquet, N., Meynard, C. N., Douzery,
E. J., & Mouillot, D.( 2015). Projected impacts of climate warm-
ing on the functional and phylogenetic components of coastal
Mediterranean fish biodiversity. Ecography, 38( 7), 681 - 689.
https://doi.org/10.1111/ecog.01254

Andréfouét, S., Dutheil, C., Menkes, C. E., Bador, M., & Lengaigne, M.
(2015). Mass mortality events in atoll lagoons: environmental control
and increased future vulnerability. Global Change Biology, 21, 195-
205. https://doi.org/10.1111/gcb.12699

Anthony, A., Atwood, J., August, P., Byron, C., Cobb, S., Foster, C.,

. Vinhateiro, N. (2009). Coastal lagoons and climate change:
Ecological and social ramifications in US Atlantic and Gulf coast
ecosystems. Ecology and Society, 14(1), 8. https://doi.org/10.5751/
ES-02719-140108

sy iriouion: VTRV

Bastolla, U., Lassig, M., Manrubia, S. C., & Valleriani, A. (2005).
Biodiversity in model ecosystems, |l: Species assembly and food web
structure. Journal of Theoretical Biology, 235, 531-539. https://doi.
org/10.1016/j.jtbi.2005.02.006

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. &
Courchamp, F. (2012). Impacts of climate change on the fu-
ture of biodiversity. Ecology Letters, 15, 365-377. https://doi.
org/10.1111/j.1461-0248.2011.01736.x

Bellino, A., Baldantoni, D., De Nicola, F., lovieno, P., Zaccardelli, M., &
Alfani, A. (2015). Compost amendments in agricultural ecosystems:
Confirmatory path analysis to clarify the effects on soil chemical and
biological properties. Journal of Agricultural Science, 153, 282-295.
https://doi.org/10.1017/S0021859614000033

Best, R. J., Stone, M. N., & Stachowicz, J. J. (2015). Predicting conse-
quences of climate change for ecosystem functioning: Variation
across trophic levels, species and individuals. Diversity and
Distributions, 21, 1364-1374. https://doi.org/10.1111/ddi.12367

Bintz, J. C., Nixon, S. W., Buckley, B. A, & Granger, S. L. (2003). Impacts
of temperature and nutrients on coastal lagoon plant communities.
Estuaries, 26(3), 765-776.

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004).
Toward a metabolic theory of ecology. Ecology, 85, 1771-1789.
https://doi.org/10.1890/03-2000

Bulling, M. T., Hicks, N., Murray, L., Paterson, D. M., Raffaelli, D., White,
P. C., & Solan, M. (2010). Marine biodiversity-ecosystem functions
under uncertain environmental futures. Philosophical Transactions
of the Royal Society B: Biological Sciences, 365(1549), 2107-2116.
https://doi.org/10.1098/rstb.2010.0022

Burkett, V. R., Wilcox, D. A., Stottlemyer, R., Barrow, W., Fagre, D.,
Baron, J., ... Doyle, T. (2005). Nonlinear dynamics in ecosystem re-
sponse to climatic change: Case studies and policy implications.
Ecological Complexity, 2(4), 357-394. https://doi.org/10.1016/j.
ecocom.2005.04.010

Calcagno, V., Sun, C., Schmitz, O. J., & Loreau, M. (2011). Keystone
predation and plant species coexistence: The role of carnivore
hunting mode. The American Naturalist, 177(1), E1-E13. https://doi.
org/10.1086/657436

Cardinale, B. J., lves, A. R., & Inchausti, P. (2004). Effects of species diver-
sity on the primary productivity of ecosystems: Extending our spatial
and temporal scales of inference. Oikos, 104(3), 437-450. https://doi.
0rg/10.1111/j.0030-1299.2004.13254.x

Cardinale, B. J., Palmer, M. A,, & Collins, S. L. (2002). Species diversity
enhances ecosystem functioning through interspecific facilitation.
Nature, 415(6870), 426-429. https://doi.org/10.1038/415426a

Chapin, F. S. lll, Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P.
M., Reynolds, H. L., ... Diaz, S. (2000). Consequences of chang-
ing biodiversity. Nature, 405(6783), 234-242. https://doi.
org/10.1038/35012241

Chapperon, C., & Seuront, L. (2011). Behavioural thermoregulation in a
tropical gastropod: Links to climate change scenarios. Global Change
Biology, 17, 1740-1749.

Cheung, W. W. L., Lam, V. W. Y., Sarmiento, J. L., Kearney, K., Watson,
R., & Pauly, D. (2009). Projecting global marine biodiversity impacts
under climate change scenarios. Fish and Fisheries, 10, 235-251.
https://doi.org/10.1111/j.1467-2979.2008.00315.x

Clarke, A., & Gaston, K. J.(2006). Climate, energy and diversity. Proceedings
of Royal Society B, 273, 2257-2266. https://doi.org/10.1098/
rspb.2006.3545

Cohen, J. E., Briand, F., & Newman, C. M. (1990). Community food webs.
Biomathematics (Vol. 20). Berlin, Heidelberg, Germany: Springer.


https://orcid.org/0000-0003-1554-3326
https://orcid.org/0000-0003-1554-3326
https://orcid.org/0000-0001-6980-9834
https://orcid.org/0000-0001-6980-9834
https://orcid.org/0000-0002-6794-0107
https://orcid.org/0000-0002-6794-0107
https://orcid.org/0000-0003-1282-9978
https://orcid.org/0000-0003-1282-9978
https://orcid.org/0000-0001-6419-7066
https://orcid.org/0000-0001-6419-7066
https://orcid.org/0000-0001-8433-278X
https://orcid.org/0000-0001-8433-278X
https://orcid.org/0000-0002-7127-7555
https://orcid.org/0000-0002-7127-7555
https://orcid.org/0000-0002-7658-5274
https://orcid.org/0000-0002-7658-5274
https://doi.org/10.1111/ecog.01254
https://doi.org/10.1111/gcb.12699
https://doi.org/10.5751/ES-02719-140108
https://doi.org/10.5751/ES-02719-140108
https://doi.org/10.1016/j.jtbi.2005.02.006
https://doi.org/10.1016/j.jtbi.2005.02.006
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1017/S0021859614000033
https://doi.org/10.1111/ddi.12367
https://doi.org/10.1890/03-9000
https://doi.org/10.1098/rstb.2010.0022
https://doi.org/10.1016/j.ecocom.2005.04.010
https://doi.org/10.1016/j.ecocom.2005.04.010
https://doi.org/10.1086/657436
https://doi.org/10.1086/657436
https://doi.org/10.1111/j.0030-1299.2004.13254.x
https://doi.org/10.1111/j.0030-1299.2004.13254.x
https://doi.org/10.1038/415426a
https://doi.org/10.1038/35012241
https://doi.org/10.1038/35012241
https://doi.org/10.1111/j.1467-2979.2008.00315.x
http://doi.org/10.1098/rspb.2006.3545
http://doi.org/10.1098/rspb.2006.3545

BELLINO ET AL.

1524
= L yiey-

Crivelli, A. J. (2006). Aphanius fasciatus. The IUCN red list of threatened
species 2006: eT1847A8316811. 2018. https:/doi.org/10.2305/
IUCN.UK.2006.RLTS.T1847A8316811.en. Downloaded on 07 May.

Dawson, T. P., Jackson, S. T., House, J. I, Prentice, I. C., & Mace, G.
M. (2011). Beyond predictions: Biodiversity conservation in a
changing climate. Science, 332, 53. https://doi.org/10.1126/scien
ce.1200303

Doney, S. C., Ruckelshaus, M., Duffy, J. E., Barry, J. P., Chan, F., English,
C. A., .. Talley, L. D. (2012). Climate change impacts on marine
ecosystems. Annual Review of Marine Science, 4, 11-37. https://doi.
org/10.1146/annurev-marine-041911-111611

Eviner, V. T., & Chapin, F. S. lll (2003). Functional matrix: A concep-
tual framework for predicting multiple plant effects on ecosystem
processes. Annual Reviews in Ecology, Evolution and Systematics, 34,
455-485.

Falkenberg, L. J., Russell, B. D., & Connell, S. D. (2012). Stability of
strong species interactions resist the synergistic effects of local and
global pollution in kelp forests. PLoS ONE, 7, e33841. https://doi.
org/10.1371/journal.pone.0033841

Fridley, J. D. (2001). The influence of species diversity on ecosystem pro-
ductivity: How, where, and why? Oikos, 93(3), 514-526. https://doi.
org/10.1034/j.1600-0706.2001.930318.x

Friedman, J., Hastie, T., & Tibshirani, R. (2010). Regularization paths for
generalized linear models via coordinate descent. Journal of Statistical
Software, 33(1), 1-22. https://doi.org/10.18637/jss.v033.i01

Frolicher, T. L., & Laufkétter, C. (2018). Emerging risks from marine heat
waves. Nature Communications, 9(1), 650. https://doi.org/10.1038/
s41467-018-03163-6

Garrabou, J.,, Coma, R., Bensoussan, N., Bally, M., Chevaldonne, P.,
Ciglian, M., ... Cerrano, C. (2009). Mass mortality in Northwestern
Mediterranean rocky benthic communities: effects of the 2003
heat wave. Global Change Biology, 15, 1090-1103. https://doi.
org/10.1111/j.1365-2486.2008.01823.x

Gauthier, G., Béty, J.,, Cadieux, M.-C., Legagneux, P., Doiron, M.,
Chevallier, C., ... Berteaux, D. (2013). Long-term monitoring at mul-
tiple trophic levels suggests heterogeneity in responses to climate
change in the Canadian Arctic tundra. Philosophical Transaction Royal
Society B, 368, 20120482. https://doi.org/10.1098/rstb.2012.0482

Ghedini, G., Russell, B. D., & Connell, S. D. (2015). Trophic compensation
reinforces resistance: Herbivory absorbs the increasing effects of
compounded disturbances. Ecology Letters, 18, 182-187.

Gillooly, J. F.,, Brown, J. H., West, G. B., Savage, V. M., & Charnoy, E. L.
(2001). Effects of size and temperature on metabolic rate. Science,
21,2248-2251.

Gomoiu, M. T. (1992). Marine eutrophication syndrome in the north-
western part of the Black Sea. In R. A. Vollenweider, R. Marchetti,
& R. Viviani (Eds.), Marine coastal eutrophication (pp. 683-692).
Amsterdam, The Netherlands: Elsevier.

Graves, S., Piepho, H.-P,, Selzer, L., & Dorai-Raj, S. (2015). multcom-
pView: Visualizations of paired comparisons. R package version 0.1-7.

Green-Gavrielidis, L. A., MacKechnie, F., Thornber, C. S., & Gomez-
Chiarri, M. (2018). Bloom-forming macroalgae (Ulva spp.) inhibit the
growth of co-occurring macroalgae and decrease eastern oyster lar-
val survival. Marine Ecology Progress Series, 595, 27-37. https://doi.
org/10.3354/meps12556

Grenz, C., Fichez, R., Silva, C. A., Benitez, L. C., Conan, P., Esparza, A.C.R.,
... Zavala-Hidalgoe, J. (2017). Benthic ecology of tropical coastal la-
goons: Environmental changes over the last decades in the Términos
Lagoon, Mexico. Comptes Rendus Geoscience, 349(6), 319-329.
https://doi.org/10.1016/j.crte.2017.09.016

Hansson, L.-A., Nicolle, A., Granéli, W., Hallgren, P., Kritzberg, E., Persson,
A., ... Bronmark, C. (2013). Food-chain length alters community re-
sponses to global change in aquatic systems. Nature Climate Change,
3(3), 228-233. https://doi.org/10.1038/nclimate1689

Hulme, P. E. (2005). Adapting to climate change: Is there scope for eco-
logical management in the face of a global threat? Journal of Applied
Ecology, 42, 784-794. https://doi.org/10.1111/j.1365-2664.2005.
01082.x

IPCC (2014). Climate change 2014: Impacts, adaptation, and vulnerability.
Contribution of working group Il to the fifth assessment report of the in-
tergovernmental panel on climate change. Cambridge, UK: IPCC.

Isbell, F., Calcagno, V., Hector, A., Connolly, J., Stanley Harpole, W., Reich,
P. B, ... Loreau, M. (2011). High plant diversity is needed to maintain
ecosystem services. Nature, 477, 199-202. https://doi.org/10.1038/
nature10282

Kearney, M., & Porter, W. (2009). Mechanistic niche modelling: combining
physiologicalandspatialdatatopredictspecies'ranges.Ecology Letters,
12, 334-350. https://doi.org/10.1111/j.1461-0248.2008.01277.x

Kennish, M. J., & Paerl, H. W. (2010). Coastal Lagoons. Critical habitats of
environmental change. Boca Raton, FL: CRC Press.

Kirby, R. R., & Beaugrand, G. (2009). Trophic amplification of climate
warming. Proceedings of the Royal Society B: Biological Sciences,
276(1676), 4095-4103. https://doi.org/10.1098/rspb.2009.1320.

Lappalainen, A., Shurukhin, A., Alekseev, G., & Rinne, J. (2000). Coastal-
fish communities along the northern coast of the Gulf of Finland,
Baltic Sea: Responses to salinity and eutrophication. International
Review of Hydrobiology, 85, 687-696. https://doi.org/10.1002/1522-
2632(200011)85:5/6<687:AID-IROH687>3.3.CO;2-W

Lassig, M., Bastolla, U., Manrubia, S. C., & Valleriani, A. (2001). Shape
of ecological networks. Physical Review Letters, 86(19), 4418-4421.
https://doi.org/10.1103/PhysRevLett.86.4418

Lenth, R. (2018). emmeans: Estimated marginal means, aka least-squares
means. R package version 1.1.3.

Lloyd, M. J., Metaxas, A., & deYoung, B. (2012). Physical and biological
factors affect the vertical distribution of larvae of benthic gastro-
pods in a shallow embayment. Marine Ecology Progress Series, 464,
135-151. https://doi.org/10.3354/meps09872

Magurran, A. E. (2004). Measuring biological diversity. Oxford, UK:
Blackwell Publishing.

Mangano, M. C., Kaiser, M. J., Porporato, E. M. D., Lambert, G. I., Rinelli,
P., & Spano, N. (2014). Infaunal community responses to a gradient
of trawling disturbance and a long-term Fishery Exclusion Zone in
the Southern Tyrrhenian Sea. Continental Shelf Research, 76, 25-35.
https://doi.org/10.1016/j.csr.2013.12.014

Mannino, A. M. (2010). Temporal and spatial variation of the algal com-
munity in a southern Mediterranean shallow system. Cryptogamie,
Algologie, 31(2), 255-272.

Mannino, A. M., & Graziano, M. (2016). Differences in the growth cycle
of Ruppia cirrhosa (Petagna) Grande in a Mediterranean shallow sys-
tem. Plant Biosystems, 150(1), 54-61.

Mannino, A. M., & Sara, G. (2006). The effect of Ruppia cirrhosa feature
on macroalgae and suspended matter in a Mediterranean shallow
system. Marine Ecology, 27, 350-360.

Mayot, N., D'Ortenzio, F., Taillandier, V., Prieur, L., de Fommervault,
O. P, Claustre, H., ... Conan, P. (2017). Physical and biogeochem-
ical controls of the phytoplankton blooms in North Western
Mediterranean Sea: A multiplatform approach over a complete an-
nual cycle (2012-2013 DEWEX Experiment). Journal of Geophysical
Research: Oceans, 122, 9999-10019. https://doi.org/10.1002/
2016JC012052

Mazzola, A., Bergamasco, A., Calvo, S., Caruso, G., Chemello, R., Colombo,
F., ... Vizzini, S. (2010). Sicilian transitional waters: Current status and
future development. Chemistry and Ecology, 26, 267-283. https://doi.
org/10.1080/02757541003627704

McMahon, S. M. (2005). Quantifying the community: Using Bayesian
Learning Networks to find structure and conduct inference in in-
vasions biology. Biological Invasions, 7(5), 833-844. https://doi.
org/10.1007/s10530-005-5209-7


https://doi.org/10.2305/IUCN.UK.2006.RLTS.T1847A8316811.en
https://doi.org/10.2305/IUCN.UK.2006.RLTS.T1847A8316811.en
https://doi.org/10.1126/science.1200303
https://doi.org/10.1126/science.1200303
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1371/journal.pone.0033841
https://doi.org/10.1371/journal.pone.0033841
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1098/rstb.2012.0482
https://doi.org/10.3354/meps12556
https://doi.org/10.3354/meps12556
https://doi.org/10.1016/j.crte.2017.09.016
https://doi.org/10.1038/nclimate1689
https://doi.org/10.1111/j.1365-2664.2005.01082.x
https://doi.org/10.1111/j.1365-2664.2005.01082.x
https://doi.org/10.1038/nature10282
https://doi.org/10.1038/nature10282
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1098/rspb.2009.1320
https://doi.org/10.1002/1522-2632(200011)85:5/6%3C687:AID-IROH687%3E3.3.CO;2-W
https://doi.org/10.1002/1522-2632(200011)85:5/6%3C687:AID-IROH687%3E3.3.CO;2-W
https://doi.org/10.1103/PhysRevLett.86.4418
https://doi.org/10.3354/meps09872
https://doi.org/10.1016/j.csr.2013.12.014
https://doi.org/10.1002/2016JC012052
https://doi.org/10.1002/2016JC012052
https://doi.org/10.1080/02757541003627704
https://doi.org/10.1080/02757541003627704
https://doi.org/10.1007/s10530-005-5209-7
https://doi.org/10.1007/s10530-005-5209-7

BELLINO ET AL.

Micheli, F., Saenz-Arroyo, A., Greenley, A., Vazquez, L., Espinoza Montes,
J. A., Rossetto, M., & de Leo, G. A. (2012). Evidence that marine
reserves enhance resilience to climatic impacts. PLoS ONE, 7(7),
e40832. https://doi.org/10.1371/journal.pone.0040832

Montoya, J. M., & Raffaelli, D. (2010). Climate change, biotic inter-
actions and ecosystem services. Philosophical Transactions of
the Royal Society B, 365, 2013-2018. https://doi.org/10.1098/
rstb.2010.0114

Nagelkerken, I., Russell, B. D., Gillanders, B. M., & Connell, S. D. (2016).
Ocean acidification alters fish populations indirectly through hab-
itat modification. Nature Climate Change, 6, 89-93. https://doi.
org/10.1038/nclimate2757

Newton, A, Icely, J., Cristina, S., Brito, A., Cardoso, A. C., Colijn, F., ...
Zaldivar, J. M. (2014). An overview of ecological status, vulnera-
bility and future perspectives of European large shallow, semi-en-
closed coastal systems, lagoons and transitional waters. Estuarine
Coastal Shelf Science, 140, 95-122. https://doi.org/10.1016/j.
ecss.2013.05.023

Newton, A., & Weichselgartner, J. (2014). Hotspots of coastal vulner-
ability: A DPSIR analysis to find societal pathways and responses.
Coastal Shelf Science, 140, 123-133. https://doi.org/10.1016/j.
ecss.2013.10.010

Ockendon, N., Baker, D. J., Carr, J. A., White, E. C., Almond, R. E. A.,
Amano, T., ... Pearce-Higgins, J. W. (2014). Mechanisms underpinning
climatic impacts on natural populations: Altered species interactions
are more important than direct effects. Global Change Biology, 20,
2221-2229. https://doi.org/10.1111/gcb.12559

O'Connor, M. I, Piehler, M. F,, Leech, D. M., Anton, A., & Bruno, J. F.
(2009). Warming and resource availability shift food web structure
and metabolism. PLoS Biology, 7,€1000178. https://doi.org/10.1371/
journal.pbio.1000178

Oksanen, J., Blanchet, F. G, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D.,..Wagner, H. (2018). vegan: Community ecology package. R pack-
age version 2.4-6.

Oliver, E. C. J,, Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A.,
Alexander, L. V., ... Wernberg, T. (2018). Longer and more frequent
marine heatwaves over the past century. Nature Communications, 9,
1324. https://doi.org/10.1038/s41467-018-03732-9

Paine, R. T. (1966). Food web complexity and species diversity. American
Naturalist, 100, 65-75. https://doi.org/10.1086/282400

Pairaud, I. L., Bensoussan, N., Garreau, P., Faure, V., & Garrabou, J. (2014).
Impacts of climate change on coastal benthic ecosystems: assess-
ing the current risk of mortality outbreaks associated with thermal
stress in NW Mediterranean coastal areas. Ocean Dynamics, 64(1),
103-115. https://doi.org/10.1007/s10236-013-0661-x

Parry, M. L., Canziani, O. F., Palutikof, P. J., van der Linden, J. P., & Hanson,
C. E. (2007). Climate change 2007: Impacts, adaptation and vulnera-
bility. Contribution of working group Il to the fourth assessment report
of the intergovernmental panel on climate change (p. 982). Cambridge,
UK: Cambridge University Press.

Pawlowicz, R. (2013). Key physical variables in the ocean: Temperature,
salinity and density. Nature Education Knowledge, 4(4), 13.

Pernet, F., Lagarde, F., Jeannée, N., Daigle, G., Barret, J., Le Gall, P, ...
D'orbcastel, E. R. (2014). Spatial and temporal dynamics of mass
mortalities in oysters is influenced by energetic reserves and food
quality. PLoS ONE, 9(2), e88469. https://doi.org/10.1371/journ
al.pone.0088469

Petes, L. E., Howard, J. F.,, Helmuth, B. S., & Fly, E. K. (2014). Science
integration into US climate and ocean policy. Nature Climate Change,
4(8), 671-677.

Piazza, D., Morganti, V., Sara, G., & Campobello, D. (2006). Predation of
Egretta garzetta on Aphanius fasciatus in a natural reserve of Western
Sicily. Biologia Marina Mediterranea, 13, 748-751.

Post, E., & Pedersen, C. (2008). Opposing plant community responses
to warming with and without herbivores. Proceeding of the National

sy iriouion: UVITRVECS

Academy of Sciences of the United States of America, 105(34), 12353~
12358. https://doi.org/10.1073/pnas.0802421105

Pusceddu, A., Dell'Anno, A., Danovaro, R., Manini, E., Sara, G., & Fabiano,
M. (2003). Enzymatically hydrolyzable protein and carbohydrate
sedimentary pools as indicators of the trophic state of detritus sink
systems: A case study in a Mediterranean coastal lagoon. Estuaries,
26, 641-650. https://doi.org/10.1007/BF02711976

R Core Team (2018). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from http://www.R-project.org/

Sala, O. E., Chapin, F. S. lll, Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo,
R., ... Wall, D. H. (2000). Global biodiversity scenarios for the year
2100. Science, 287, 1770-1774.

Sara, G. (2009). Variation of suspended and sedimentary organic mat-
ter with depth in shallow coastal waters. Wetlands, 29, 1234-1242.
https://doi.org/10.1007/BF03185924

Sara, G., Gouhier, T. C., Brigolin, D., Porporato, E. M. D., Mangano, M.
C., Mirto, S., ... Pastres, R. (2018). Predicting shifting sustainabil-
ity trade-offs in marine finfish aquaculture under climate change.
Global Change Biology, 24, 3654-3665. https://doi.org/10.1111/
gch.14296

Sara, G., Leonardi, M., & Mazzola, A. (1999). Spatial and temporal changes
of suspended matter in relation to wind and vegetation cover in a
Mediterranean shallow coastal environment. Chemistry and Ecology,
16, 151-173. https://doi.org/10.1080/02757549908037644

Sara, G., Mangano, M. C., Johnson, M., & Mazzola, A. (2018). Integrating
multiple stressors in aquaculture to build the blue growth in a
changing sea. Hydrobiologia, 809(1), 5-17. https://doi.org/10.1007/
s10750-017-3469-8

Sara, G., Palmeri, V., Rinaldi, A., Montalto, V., & Helmuth, B. (2013).
Predicting biological invasions in marine habitats through eco-
physiological mechanistic models: A study case with the bivalve
Brachidontes pharaonis. Diversity and Distribution, 19, 1235-1247.

Sara, G., Rinaldi, A., & Montalto, V. (2014). Thinking beyond organism
energy use: A trait based bioenergetic mechanistic approach for pre-
dictions of life history traits in marine organisms. Marine Ecology, 35,
506-515. https://doi.org/10.1111/maec.12106

Schindler, D. E., & Scheuerell, M. D. (2002). Habitat cou-
pling in lake ecosystems. Oikos, 98(2), 177-189. https://doi.
org/10.1034/j.1600-0706.2002.980201.x

Schoolmaster, D. R., Grace, J. B., Schweiger, E. W., Mitchell, B. R., &
Guntenspergen, G. R. (2013). A causal examination of the effects of
confounding factors on multimetric indices. Ecological Indicators, 29,
411-419. https://doi.org/10.1016/j.ecolind.2013.01.015

Sibly, R. M., Brown, J. H., & Kodric-Brown, A. (2012). Metabolic ecology: A
scaling approach. Oxford, UK: John Wiley & Sons.

Solomon, C. T,, Carpenter, S. R., Clayton, M. K., Cole, J. J., Coloso, J. J.,
Pace, M. L., ... Weidel, B. C. (2011). Terrestrial, benthic, and pelagic
resource use in lakes: Results from a three-isotope Bayesian mixing
model. Ecology, 92(5), 1115-1125. https://doi.org/10.1890/10-1185.1

Spivak, A. C., Gosselin, K., Howard, E., Mariotti, G., Forbrich, I., Stanley,
R., & Sylva, S. P. (2017). Shallow ponds are heterogeneous habitats
in a temperate salt marsh ecosystem. Journal of Geophysical Research:
Biogeosciences, 122(6), 1371-1384.

Stefansdottir, L., Solmundsson, J., Marteinsdottir, G., Kristinsson,
K., & Jonasson, J. P. (2010). Groundfish species diversity and
assemblage structure in Icelandic waters during recent years
of warming. Fisheries Oceanography, 19, 42-62. https://doi.
org/10.1111/j.1365-2419.2009.00527.x

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L.
J., Collingham, Y. C,, ... Williams, S. E. (2004). Extinction risk from
climate change. Nature, 427, 145-148. https://doi.org/10.1038/natur
e02121

Thrush, S. F., Hewitt, J. E., Parkes, S., Lohrer, A. M., Pilditch, C., Woodin,
S. A, .. Van Colen, C. (2014). Experimenting with ecosystem


https://doi.org/10.1371/journal.pone.0040832
https://doi.org/10.1098/rstb.2010.0114
https://doi.org/10.1098/rstb.2010.0114
https://doi.org/10.1038/nclimate2757
https://doi.org/10.1038/nclimate2757
https://doi.org/10.1016/j.ecss.2013.05.023
https://doi.org/10.1016/j.ecss.2013.05.023
https://doi.org/10.1016/j.ecss.2013.10.010
https://doi.org/10.1016/j.ecss.2013.10.010
https://doi.org/10.1111/gcb.12559
https://doi.org/10.1371/journal.pbio.1000178
https://doi.org/10.1371/journal.pbio.1000178
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1086/282400
https://doi.org/10.1007/s10236-013-0661-x
https://doi.org/10.1371/journal.pone.0088469
https://doi.org/10.1371/journal.pone.0088469
https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1007/BF02711976
http://www.R-project.org/
https://doi.org/10.1007/BF03185924
https://doi.org/10.1111/gcb.14296
https://doi.org/10.1111/gcb.14296
https://doi.org/10.1080/02757549908037644
https://doi.org/10.1007/s10750-017-3469-8
https://doi.org/10.1007/s10750-017-3469-8
https://doi.org/10.1111/maec.12106
https://doi.org/10.1034/j.1600-0706.2002.980201.x
https://doi.org/10.1034/j.1600-0706.2002.980201.x
https://doi.org/10.1016/j.ecolind.2013.01.015
https://doi.org/10.1890/10-1185.1
https://doi.org/10.1111/j.1365-2419.2009.00527.x
https://doi.org/10.1111/j.1365-2419.2009.00527.x
https://doi.org/10.1038/nature02121
https://doi.org/10.1038/nature02121

BELLINO ET AL.

1526
=2 Lyiey-

interaction networks in search of threshold potentials in real-
world marine ecosystems. Ecology, 95, 1451-1457. https://doi.
org/10.1890/13-1879.1

Tunney, T. D., McCann, K. S., Lester, N. P., & Shuter, B. J. (2014). Effects
of differential habitat warming on complex communities. Proceedings
of the National Academy of Sciences, 111(22), 8077-8082. https://doi.
org/10.1073/pnas.1319618111

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S,
4th ed.. New York, NY: Springer.

Vergés, A., Doropoulos, C., Malcolm, H. A., Skye, M., Garcia-Piza, M.,
Marzinelli, E. M., ... Steinberg, P. D. (2016). Long-term empirical
evidence of ocean warming leading to tropicalization of fish com-
munities, increased herbivory, and loss of kelp. Proceedings of the
National Academy of Sciences, 113(48), 13791-13796. https://doi.
org/10.1073/pnas.1610725113

Vizzini, S., Sara, G., Mateo, M. A., & Mazzola, A. (2003). §13C and §15N
variability in Posidonia oceanica associated with seasonality and plant
fraction. Aquatic Botany, 76, 195-202.

Voigt, W., Perner, J., Davis, A. J., Eggers, T., Schumacher, J., Bdhrmann,
R., .. Sander, F. W. (2003). Trophic levels are differentially
sensitive to climate. Ecology, 84(9), 2444-2453. https://doi.
org/10.1890/02-0266

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J.
C.,...Bairlein, F.(2002). Ecological responses to recent climate change.
Nature, 416(6879), 389-395. https://doi.org/10.1038/416389%a

Wang, Z., Brown, J. H., Tang, Z., & Fang, J. (2009). Temperature de-
pendence, spatial scale, and tree species diversity in eastern Asia
and North America. Proceedings of the National Academy of Sciences,
106(32), 13388-13392.  https://doi.org/10.1073/pnas.09050
30106

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K.,
Depczynski, M., ... Wilson, S. (2016). Climate-driven regime shift of a
temperate marine ecosystem. Science, 353(6295), 169-172. https://
doi.org/10.1126/science.aad8745

Williams, W. D. (1998). Salinity as determinant of the structure of biolog-
ical communities in salt lakes. Hydrobiologia, 381, 191-201.

Wilson, J. B. (1991). Methods for fitting dominance/diversity curves.
Journal of Vegetation Science, 2, 35-46. https://doi.org/10.2307/
3235896

Woodward, G., Benstead, J. P., Beveridge, O. S., Blanchard, J., Brey,
T., Brown, L. E., ... Yvon-Durocher, G. (2010). Ecological networks
in a changing climate. In G. Woodward (Ed.), Advances in ecological
research, (Vol. 42, pp. 71-138). Cambridge, MA: Academic Press.

Worm, B., & Tittensor, D. P. (2018). A theory of global biodiversity.
Princeton, NJ: Princeton University Press.

Yoshida, K., Endo, H., Lawrenz, E., Isada, T., Hooker, S. B., Présil, O., &
Suzuki, K. (2018). Community composition and photophysiology of
phytoplankton assemblages in coastal Oyashio waters of the west-
ern North Pacific during early spring. Estuarine, Coastal and Shelf
Science, 212, 80-94. https://doi.org/10.1016/j.ecss.2018.06.018

BIOSKETCH

Alessandro Bellino received his master degree in Environmental
Sciences and Forestry at the University of Naples Federico Il and
a Ph.D. in Chemistry at the University of Salerno (Italy), where he
has been working on ecological topics through more than a dec-
ade. His research mainly focuses on plant ecophysiology, evolu-
tion, systematics, complex interactions, community responses to
multi-scale drivers and ecosystem processes, using both analyti-
cal and modelling approaches.

Author contributions: D.B., A.B., M.C.M. R.D.B. and G.S. conceived
the idea; G.S., AM.M.,, SV. and A.M. provided experimental data-
sets; G.S. and A.M. provided laboratory facilities and funded all the
experimental and sampling campaigns; A.B. and D.B. performed
data analysis and with G.S. and M.C.M. wrote the core of the paper.

How to cite this article: Bellino A, Mangano MC, Baldantoni D,
et al. Seasonal patterns of biodiversity in Mediterranean
coastal lagoons. Divers Distrib. 2019;25:1512-1526. https://doi.
org/10.1111/ddi.12942



https://doi.org/10.1890/13-1879.1
https://doi.org/10.1890/13-1879.1
https://doi.org/10.1073/pnas.1319618111
https://doi.org/10.1073/pnas.1319618111
https://doi.org/10.1073/pnas.1610725113
https://doi.org/10.1073/pnas.1610725113
https://doi.org/10.1890/02-0266
https://doi.org/10.1890/02-0266
https://doi.org/10.1038/416389a
https://doi.org/10.1073/pnas.0905030106
https://doi.org/10.1073/pnas.0905030106
https://doi.org/10.1126/science.aad8745
https://doi.org/10.1126/science.aad8745
https://doi.org/10.2307/3235896
https://doi.org/10.2307/3235896
https://doi.org/10.1016/j.ecss.2018.06.018
https://doi.org/10.1111/ddi.12942
https://doi.org/10.1111/ddi.12942

