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The Venice Lagoon is an important site belonging to the Italian Long-Term
Ecological Research Network (LTER). Alongside with the increasing trend of
water temperature and the relevant morphological changes, in recent years, the
resident zooplankton populations have also continued to cope with the
colonization by alien species, particularly the strong competitor Mnemiopsis
leidyi. In this work, we compared the dynamics of the lagoon zooplankton over a
period of 20 years. The physical and biological signals are analyzed and
compared to evaluate the hypothesis that a slow shift in the environmental
balance of the site, such as temperature increase, sea level rise (hereafter called
“marinization”), and competition between species, is contributing to trigger a drift
in the internal equilibrium of the resident core zooplankton. Though the
copepod community does not seem to have changed its state, some
important modifications of structure and assembly mechanisms have already
been observed. The extension of the marine influence within the lagoon has
compressed the spatial gradients of the habitat and created a greater segregation
of the niches available to some typically estuarine taxa and broadened and
strengthened the interactions between marine species.

KEYWORDS
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1 Introduction

The Mediterranean Sea has been identified as a “hotspot” for climate change (IPCC,
2007), with a sea level rise in the order of 2.5 mm/year already experienced in the last
century (Vecchio et al,, 2019) and predictions of an increase of water temperature of 2-4°C
over the next few decades (Soli¢ et al., 2017).
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In the last 150 years, aquatic organisms, including zooplankton,
have faced an increase in greenhouse gasses, marine heat content,
heat waves, chemical pollution, physical alterations, ocean
acidification, and ocean deoxygenation due to human activities
and last but not least an increase in non-indigenous species (NIS).
In the Mediterranean basin, these phenomena are amplified with
extensive impacts on marine ecosystems and human society
(Schroeder et al., 2017; Martinez-Megias and Rico, 2022). The
response of the Mediterranean basin ecosystems to these changes
ranges from the ecosystem level to the community structure, from
the modification of phenotypic expression to modifications of gene
expression or adaptation (Aurelle et al., 2022).

The Venice Lagoon (Figure 1), among the widest transitional
areas in the Mediterranean, is one of the Italian marine and coastal
sites most affected by anthropogenic pressures. It is part of the
Italian Long-Term Ecological Research Network (LTER-http://
www lteritalia.it). Transitional environments are characterized by
greater dynamism compared to open sea (Ferrarin et al., 2013) and
by a heterogeneous mosaic of microhabitats (Tagliapietra et al.,
2009). Furthermore, the superimposition of other events, such as
recurrent phenomena of eutrophication (Sfriso et al., 2019),
pollution (Alberotanza et al., 1991; Ravera, 2000), the recent
arrival of NIS Mnemiopsis leidyi (Malej et al., 2017), and
engineering interventions to protect the ancient city against
floodings that interfere with the morphology and hydrodynamics
of the basins (Umgiesser, 2020), can mask the source of stress on the
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ecosystem at every level of hierarchical organization. Therefore, a
careful evaluation of species phenotypic plasticity and structural
adaptation of communities to selective pressures is fundamental to
correctly interpret and explain the resulting ecosystem
evolutionary pattern.

In aquatic systems, zooplankton dominate the pelagic food
webs linking the primary producers to the upper trophic levels
and playing an important role in biogeochemical cycles (Dam et al.,
1995; Buitenhuis et al., 2006). For that, any important modification
in terms of zooplankton abundance, taxonomic composition, and
dimensional structure can alter the food web connectivity, the
efficiency of trophic transfer, and its own contribution in terms of
ecosystem services (sensu Costanza et al., 1997).

Introduced by an early work of Magurran and Henderson
(2003), the partitioning of the species abundance distribution in
core and occasional/satellite taxa is a powerful method often applied
to the study of biodiversity patterns (Helden, 2021 and references
therein) to investigate deterministic vs. stochastic assembly
processes and to evaluate the reaction to human impact and
community-level response to climate change (Henderson
et al., 2011).

Co-occurrence networks that synthetically map the
interrelationships between species in a community have proved to
be a practical tool available for studying the assembly mechanisms
and functioning of microbial communities in different ecosystems
(e.g., Lindh et al, 2017; Yan et al,, 2021 and references therein)
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FIGURE 1
Study area and sampling stations (part of the LTER Network).
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using molecular approaches. Furthermore, network analysis and
related metrics can be used to inform on system stability and
resilience by using a well-developed mathematical frame (Oehlers
and Fabian, 2021). In transitional ecosystems, network analysis has
been successfully used to study the role of abiotic forcing factors on
plankton food webs (Trombetta et al., 2020; Trombetta et al., 2021)
and to study the effect of habitat heterogeneity on the planktonic
protist community (Armeli et al., 2019). However, to our
knowledge, the approach has not yet been tested on estuarine
metazoan (e.g., copepods), especially using only taxonomic data.
In addition, although the Venice Lagoon has been extensively
studied both from the climatological point of view (Makris et al.,
2023; Sambo et al., 2023) and from that of the impacts on
ecosystems and resident biological communities (Solidoro et al.,
2010; Picone et al., 2023; Milan et al., 2023; Zennaro et al., 2023),
very few studies on zooplankton communities have been performed
(Camatti et al., 2019; Pansera et al., 2021).

In this paper, we focus on understanding if and how the drift in
the habitat conditions of the Venice Lagoon are recorded as changes
in the structure of the zooplankton community, in particular of the
copepods as the dominant component. To do this, an integrated
dataset including abundances, taxonomy, and species co-
occurrences has been combined using the network analysis
approach aimed to describe the community reaction to the drifts
imposed by the habitat. In particular, we want to examine how these
drifts are recorded by the changes of the structure and coexistence
relationships of copepod species. The zooplankton long-term
variability was compared to selected environmental variables
through two snapshots 20 years apart, from 1998 to the present
day. Physical and biological data were analyzed and compared to
evaluate the hypothesis that a slow shift in the environmental
stressors (such as the rising temperatures or salinity) can
contribute to trigger a drift in the internal equilibrium of the
resident core zooplankton communities. This study represents the
first application of statistical modeling methods to the zooplankton
of the Venice Lagoon in a long-term perspective.

2 Materials and methods

2.1 Study area

The Venice Lagoon is one of the largest systems of transitional
waters in the Mediterranean Sea, and it is part of the Italian Long-
Term Ecological Research Network (LTER-Italy, www.lteritalia.it).
It is a shallow coastal water body (average depth 1.5 m) with an area
of approximately 550 km® and connected to the Adriatic Sea
through three inlets allowing water and sediment exchange with
the sea, named Lido, Malamocco, and Chioggia (Figure 1). The
Venice Lagoon is a heterogeneous and complex system,
characterized by different physical and environmental gradients,
and a mosaic of landforms and habitats that are the result of natural
and man-induced drivers. Its general circulation results from the
superposition of tide, wind, and topographic control (Solidoro et al.,
2004; Gacic et al., 2005). The effective renewal rate of water is about
a few days for the areas closest to the inlets and up to a month for
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the innermost areas (Cucco and Umgisser, 2006). The lagoon is
affected by several anthropogenic pressures like fisheries,
mariculture, domestic and industrial discharges, maritime
transport, and tourist activities (Solidoro et al., 2010).

The sites chosen for this study represent a gradient of
environmental conditions and different anthropogenic impacts in
the lagoon. Station ST1 (S. Giuliano) is affected by urban discharges
and characterized by high water residence times of 18-25 days. The
inlet station ST4 (Lido), located in the northernmost inlet of the
lagoon, is influenced by Adriatic coastal waters with a residence
time of few hours, and finally, ST5 (Palude della Rosa) is a typical
lagoon environment influenced both by freshwater and by seawater
inputs and characterized by a residence time of 6-12 days.

The zooplankton in the Venice Lagoon is mostly (80%)
composed by Copepoda (with Acartia as the most abundant
genus) and approximately 10% Chordata (Appendicularia,
Ascidiacea larvae, and Actinopterygii larvae or eggs), followed by
Echinodermata and Mollusca larvae (Camatti et al., 2006; Schroeder
et al., 2020); in the hot season and in areas close to the inlets,
the presence of Cladocera is relevant (Pansera et al., 2021). The
community shows in general a clear seasonality in the populations’
composition and taxonomic diversity, indicating that water
temperature is the most prominent environmental factor shaping
the zooplankton assemblages. Since, in this ecosystem, the
availability of food is not generally a limiting factor, the second
emerging element conditioning and regulating the distribution of
the various zooplankton taxa is the salinity and the relative gradient
that is encountered from the port mouth to the internal lagoon
areas (Bandelj et al., 2008).

2.2 Data

The dataset used in this work covers a temporal space of almost
50 years, from 1975 to 2021, originating from different research
projects on hydrochemical and plankton distributions in the Venice
Lagoon. Data on the zooplankton have been available sporadically
since the 1970s and regularly gathered only since the late 1990s.
From 2006, long-term zooplankton sampling was conducted in the
framework of the LTER monitoring activities, which, from that
date, coordinates the activities of five stations located in the central
and the northern part of the Venice Lagoon (Figure 1)
representative of a gradient of environmental conditions and
different anthropogenic impacts in the lagoon. In this work,
however, only three stations have been considered, selected on
the basis of their environmental and geographical characteristics
according to the objectives of this study. Station ST1 (2 m depth) is
affected by urban discharges and characterized by high water
residence times of 18-25 days. The inlet station ST4 (11.2 m
depth), located in the northernmost inlet of the lagoon, is
influenced by Adriatic coastal waters with a residence time of a
few hours, and, finally, ST5 (2.4 m depth) is a typical lagoon
environment influenced both by freshwater and by seawater
inputs and characterized by a residence time of 6-12 days.

To the objectives of the present work, two subsets of data were
extracted from the Venice Lagoon LTER database; they can be
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considered homogeneous as for the type and frequency of sampling,
and taxonomic and spatial coverage homogeneity. The two frames
are 20 years apart, and each of them is 3 years long: given the
available dataset, it was considered that this combination optimizes
the possibility to evaluate the response signal of the zooplankton
community to slow-varying monotonic habitat changes, without
losing so much definition in describing its short-time
seasonal variability.

Period 1 (P1): from November 1998 to December 2001; 38
monthly samples at three stations in the northern and central part
of the lagoon (Figure 1; Bianchi et al., 2000; Comaschi et al., 2000;
Bianchi et al., 2003)

Period 2 (P2): from November 2018 to December 2021; 38
monthly samples at the same three stations of the previous period
(new data).

These snapshot zooplankton data of the two periods are framed
in a long-term context relating to the physical/environmental data
suitable for describing the variations of the lagoon habitat. For this
purpose, the monthly time series of the last 25 years collected in the
LTER field are analyzed.

Where feasible and functional to the reasoning, these two
periods were put in comparison with a previous dataset, dating
back to approximately 50 years ago:

Period 0 (P0): Two sampling campaigns were carried out from
May 1975 to July 1976 and from June 1977 to June 1978 in three
stations located in the northern lagoon area (Acri et al., 2004). For
our study, we used data from two of these and monthly averages
were produced [56 samples: 28 at Lido (ST4) and 28 at Dese (ST6),
see Figure 1] for zooplankton and physicochemical data (T, S,
oxygen only). This dataset was mainly used for comparisons
(Temperature and Salinity) with the recent epoch.

All datasets are homogeneous by type of groupings in main
zooplankton taxa (Copepods, Cladocerans, and other), by species
list, and by environmental parameters considered (temperature,
salinity, turbidity, and chlorophyll a).

2.3 Sampling and laboratory methods

At each site, a multiparametric CTD probe (Idronaut 801 until
2002, and after with CTD SBE 19plus SeaCAT) was used to measure
the following environmental parameters: temperature, salinity,
dissolved oxygen, and fluorescence (Grasshoff and Ehrhardt,
1976; Hansen and Koroleff, 1999). The water transparency was
measured with the Secchi disk. In the three different periods, the
sampling to investigate the horizontal spatial distribution of the
mesozooplankton in the Venice Lagoon was conducted using two
different nets with the same mesh size (200 wm). In Period 0 (1975-
1978), the horizontal zooplankton sampling was collected by the
Clarke-Bumpus quantitative sampler, while in Period 1 (1998-
2001) and Period 2 (2018-2021), sampling was collected by an
Apstein standard net (diameter 0.4 m), equipped with a flowmeter
(HydroBios) to measure the volume of water filtered, which ranged
from 7 to 50 m>. All samples were collected at the surface (0.5 m
depth) for a time of approximately 5 min at a vessel cruising of 1
knot. The presence of the ctenophore M. leidyi in the net sampling
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was recorded on board. Samples were preserved in formaldehyde
(4% final concentration). In the laboratory, the organisms were
subsampled using a Folsom Plankton Splitter and at least two
subsamples were counted completely and identified, according to
the International Council for the Exploration of the Sea (ICES)
protocol to species level, where possible, or to higher taxonomic
levels, and the abundance of each taxon was presented as ind. m~>
(Boltovskoy, 1981).

2.4 Data processing and statistical analysis

Hourly tidal levels measured at Punta Salute were treated to
build a time series of mean yearly averaged sea-level anomalies in
the period 1997-2021. To test for possible abrupt changes, a
sequential t-test of regime shift was performed in accordance with
Rodionov (2004).

Monthly LTER time series at the stations ST1, ST5, and ST4
were decomposed with the R package “xts” to filter out the seasonal
component and define the long-term trends. According to IPCC
(2013), anomalies were calculated as the difference between any
(deseasoned) monthly value and the overall mean of the series.
Change point presence and extreme value statistics were studied
with the R packages “ecp” and “extRemes”. The CuSum test from
the R package “CPAT” has been used to verify the changes in mean.

Significant differences between the two periods P1 and P2 in the
environmental parameters were identified using the Kruskal-
Wallis test.

Beta-diversity of the zooplankton was calculated from
dissimilarity matrices built according to Bray-Curtis distances
using the metaMDS script with the autotransform function (R
package vegan, Oksanen et al., 2020) and plotted as NMDS plots
by the sampling station.

The data regarding the presence on M. leidyi that were collected
during the period of 2016 to 2021 at the five LTER stations (LTER-
Italy, www.lteritalia.it) showed a certain heterogeneity in its type as
either the biovolume or the abundance counts were registered.
Therefore, the data were first categorized as follows: “low” presence:
BV <5 ml/m> abundance <0.5 ind. m~>; “medium” abundance: BV
>5 <20 ml/m?; abundance 0 > 0.5 < 1 ind. m™>; “high” abundance:
BV >20 ml/m’; abundance >1 ind. m . In order to calculate mean
seasonal mean values (period 2016-2021) the categories were
converted back as follows: “absent” 0; “low™ 1; “medium”™: 2;
“high”: 3.

Indicator species analysis (IndVal) has been used to identify
species indicative of given groups of samples and express their
importance (Dufrene and Legendre, 1997; Podani and Csanyi,
2010). The index is the product of two components that describe
respectively the “specificity” of a species as an indicator of a certain
group of samples and the “fidelity” of a species in terms of high
probability of presence in a sample belonging to a certain group (De
Caceres et al, 2010). The function multipatt of the R package
“indicspecies” has been used.

To study the networks implemented by the copepod assemblage
in the two periods, we built the co-occurrence matrix of species. To
reduce noise and complexity, without losing too much in describing
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the network detail, we considered only the species that appeared in
at least five samples in each period. Spearman’s rank coefficients (r)
between species were calculated pairwise using the R package
“Hmisc” and only significant positive co-occurrences (with p <
0.05 and r > 0.1) were considered by following the approach
described in Yan et al. (2021). The R package “igraph” was used
to calculate node attributes and study the topological features of the
networks through several metrics based on the adjacency matrix
spectrum and eigenvalues of the Laplacian of the graph. In
particular, centrality metrics on node topology such as degree,
transitivity, closeness, and betweenness were considered to
evaluate the keystoneness of the species within the copepod
community whereas algebraic and natural connectivity metrics
were considered to have insights into the global topological and
structural robustness of the network.

Multilevel modularity optimization algorithm was used to find
the sub-community structure, define modules, and assign the
membership to each species (Blondel et al., 2008). Gephi software
was used to visualize the networks (Bastian et al., 2009).

3 Results
3.1 Main habitat drift over the past 25 years

The following section describes the long-term drift (of
temperature, sea level, and salinity) providing the environmental
context over the past 25 years (using the monthly time series; 300
months, continuous).

3.1.1 Sea level and salinity

Focusing on the sea-level time series recorded from 1997 to
2021 at Punta Salute station in the City of Venice, using data
derived from Centro Previsioni e Segnalazioni Maree of the Venice
Municipality (https://www.comune.venezia.it/node/6214), the
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overall average of hourly levels in the last 25 years was +30 cm.
Yearly anomalies were always negative (ave —3.6 cm) from 1997 to
2008, while they exhibited generally positive values (ave +3.5 cm)
from 2009 to 2021 (Figure 2, bars). According to Rodionov, an
evident regime shift (RSI = 0.77) can be detected in the time series of
mean yearly anomalies in 2009 and an increase of more than +7 cm
is observed between the average level in 2021 with respect to 1997,
corresponding to an average rising rate of 2.8 mm/year. Hence, we
can expect an increase in the volume of water stored within the
lagoon of approximately 5% in P2 (2018-2021) compared to P1
(1998-2001).

Since freshwater inputs from the mainland have remained at
best unchanged, if not even reduced, this excess volume is likely of
marine origin, thus inducing a slow shift towards higher salinity
within the lagoon. Such a progressive trend is well caught by the
significant increase of salinity anomalies in the 25-year LTER
monthly time series at the internal stations (Mann-Kendall, p <
0.001; Sen’s slopes: +0.9 and +1.5 units per decade at stations 5 and
1, respectively), while no clear drift is observed at the inlet station
4 (Figure 2).

3.1.2 Temperature

The increasing trend of seawater temperature anomalies
highlighted by the 2-year moving average is highly significant
(Mann-Kendall, p < 0.001) at the lagoon-sea interface (ST4, red
line in Figure 3A), where the overall 25-year average is 16.89°C and
within the lagoon as confirmed by the 25-year LTER monthly time
series at the internal stations (not shown). The estimated Sen’s slope
is of 0.96°C per decade (range 0.52-1.35; 99% confidence). No
change points in the monthly time series are present (CuSum test,
p = 0.1) whereas the time series of yearly maxima exhibits a
significantly increasing trend (Mann-Kendall, p < 0.01). Extreme
value statistics allowed us to describe, as a Weibull curve, the
stochastic behavior of the summer yearly maxima in the 25-year
warming process at station 4 whose tail fits a generalized Pareto
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distribution (o = 1.30, § = —0.24, 1 = 26.35°C) with an upper limit of
31.8°C. The maximum already observed extreme was 29.8°C in
2014, which is in agreement with the estimated 50-year return level
(Figure 3B). The estimated 100-year return level is 29.95°C (range
28.42-31.47°C; 95% confidence). Using the collected monthly
temperature data, a yearly climatology can be fitted (loess
interpolation) in the different periods at station 4 and interesting
comparisons among them and a reference past condition (PO: years
1975-1978) are highlighted (Figure 3C). During the five decades,
summer maxima rose and was anticipated from 23.2°C (20-30 July)
in the 1970s to 25.5°C in P1 and 27.4°C in P2 (15-25 July). Relevant
differences can be noted during the spring heating, with P1 and P2
trends strictly tracking each other and autumn cooling, with a
prolonged permanence of warmer values in recent years. To better
highlight the increasing extent of the long-term warming process
and the consequent change in the habitat filtering effect exerted on
the plankton community, we compared the estimated persistence
(in days) over a defined threshold in the three considered periods
(Figure 3D). For example, while the water temperature persisted
above 22°C for approximately 2 months every year in the 1970s (P0)
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and for over 3 months (P1) around the 2000s, nowadays (P2), it
persists for approximately 4 months; i.e., it has doubled in 50 years.

3.2 Comparison of past and present
patterns of environmental parameters and
zooplankton communities

This section compares the two time frames P1 and P2 in terms
of relevant environmental parameters and zooplankton (38 months
continuous each, 20 years apart).

3.2.1 Environmental parameters

The temperature showed a general increasing trend from P1 to
P2 [mean 15.7°C and 17.3°C (SD 7.6 and 7.4), respectively]. This
was especially evident during summer, where, in fact, the
temperature was significantly higher in P2 compared to P1, both
at stations ST4 and ST5 (Figure 4). The same upward trend over the
years has emerged for the lagoon salinity values, i.e., in the two
lagoon stations ST1 and ST5, with significant higher salinity values
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in P2 compared to P1 during summer and ST5 during winter (mean
summer values: ST1 = P1: 23.6 £ 2.0, P2: 26.5 + 3.5; ST5 = P1: 27.6 +
2.6, P2: 30.6 + 1.7; ST4 = P1: 342 + 1.27, P2: 33.3 + 1.3). A clear
salinity gradient is evident from station ST1 to ST5 and ST4
(Figures 4, 5).

Water transparency increased overall from Periods 1 to 2,
especially in the lagoon stations ST1 (with lowest transparency)
and ST5 (Figure 4). The chlorophyll a values instead exhibited an
overall decrease from P1 to P2 in the seasons from spring to autumn
(Figure 4). Overall, considering the two datasets as a whole (P1 and
P2), the temperature values vary from a minimum of 1°C to a
maximum of 30.4°C, salinity varies from 12.9 to 37.05, chlorophyll a
varies from 0.9 to 124.64 ug L™, and transparency varies from 0.2
to 6 m.

3.2.2 Zooplankton
The total abundance of zooplankton, in the two periods (P1 and
P2), increased progressively from winter to summer (Figure 6), with

-3

a minimum of 1 ind. m™ at station 1 in February 2000 and a

3 at station 1 in June 2019 (almost

maximum of 79,214 ind. m~
exclusively Acartiidae, with only Acartia tonsa as adult specimens).
The average total zooplankton abundance was 2,549 ind. m~> (SD

6620). A strong seasonality in the zooplankton abundance and
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species succession also emerged, indicating water temperature as
the most evident environmental factor correlated with the
zooplankton variation.

Overall, 54 zooplanktonic taxa were identified, with 24
Copepoda, of which 20 are species level. The identified Copepoda
are omnivore-herbivore, filter feeders, grazers, or generalists. The
higher copepod abundance was represented by genus Acartia with
average percentages compared to the total community of 23.63% for
A. clausi and 43.46% for A. tonsa, to follow species belonging to the
genus Paracalanus, with a percentage of 9.92% and Cladocera
species and Decapoda larvae with percentages of approximately
4%. A. tonsa dominates in the more internal areas (ST 1 and 5)
while Acartia clausi is located in the area closest to the mouths or in
any case in areas more influenced by marine-coastal ingress waters,
as well as Cladocera and, although in a less evident way also
occupying internal areas, Decapoda larvae (ST4).

At stations 1 and 5, the mesozooplankton was mainly
represented by Copepoda, with a percentage greater than 90%
of the total community, compared instead to the less than 80% in
the more maritime station of the Lido (ST4), near the inlets, where
the influence of the neritic-coastal populations coming from the
Adriatic Sea is the highest. In fact, Cladocera and meroplankton,
including Decapoda larvae, were more present in the inlet station.
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FIGURE 5

Multitemporal representation of the salinity changes along the
inland-sea gradient from the innermost station at the mouth of the
river Dese (ST6, PO only) through ST1 and ST5 (P1 and P2) to the
lagoon-sea interface ST4 (PO, P1, and P2).

In the internal area of the lagoon (ST1 and 5), the zooplankton is
characterized, unlike the more marine station of the Lido (ST4), by
a few dominant species with high relative abundance, mainly during
the summer (Figure 6). Peaks in abundances are often a result of
flowering events of single species such as the copepod A. tonsa. At
ST 4, A. clausi replaces the congeneric A. tonsa in terms of
abundance. In fact, A. clausi dominates in the stations closest to
the inlets, such as ST4, and in certain tidal conditions, even at ST5.
As regards Cladocera typically present in the coastal neritic waters
of the northern Adriatic Sea during the warm season, the trend of
abundance follows a decreasing gradient from the inlets towards the
inner areas. The maximum turnout is reached at the Lido station
(ST4), and the minimum is reached in S. Giuliano (ST1), with the
Podonidae family as the main representative. In Palude della Rosa
(ST5), the cladoceran Penilia avirostris is also present, as a species
widely present in the Adriatic Sea and probably carried to these
areas by tidal currents flooding. Among the other taxa, which
include meroplankton, the presence of mainly Appendicularia,
Decapoda larvae, Gastropoda larvae, and Cirripedia larvae
(nauplii and cypris) was noted.

In particular, in ST1 and ST5, Copepoda are represented by few
but abundant species in terms of number of individuals, mainly
belonging to the genus Acartia, dominating in absolute terms in
ST1 (72.99% and 47.88% of the total community). At ST5, which is
located near a canal that connects the lagoon hinterland to the sea,
and therefore more influenced by the tidal effect, A. tonsa is still the
most representative species of the community, but the presence of
the neritic copepod A. clausi becomes more important. In ST4, the
abundances of A. tonsa drop drastically in favor of those of A. clausi.

Therefore, moving away from the typical lagoon conditions, the
populations of zooplankton became more diversified. In fact, at the
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Lido station, the presence of marine Copepoda and Cladocera is
more important: here, we find the presence of copepods
Paracalanus (16.95% against 8.53% in ST5 and only 4.28% at
ST1) or of the cladocerans P. avirostris and Podonidae (10.21%
and 1.49%, respectively). Concerning the relevance of the other
zooplankton taxa, it is mainly given by typically marine taxa such as
Appendicularia (Oikopleura spp.) (2.53%), Chaetognatha (Sagitta
sp., Flaccisagitta, and Spadella sp.) (0.66%), Echinodermata (mainly
Ophiuroidea larvae of Ophiura spp. and Ophiotrix fragilis are
highlighted), and Gastropoda larvae (both approximately 1%).
Decapoda larvae (mainly the zoea larval stages of the indigenous
species Carcinus aestuarii and of the NIS Dyspanopaeus sayi) were
present both in the lagoon stations and in the Lido station, with
variable percentages of 2.76% in ST1, 4.95% at ST4, and 4.20%
at ST5.

The beta-diversity analysis of the zooplankton composition
(Figure 7) showed a separation between the stations, i.e., between
ST4 and the two lagoon stations ST1 and ST5, following the two
opposing gradients of salinity and Chla. The diversity in the two
periods, P1 and P2, are overlapping, with P2 one being less variable
and therefore within the range of P1. However, P2 diversity is
slightly associated with higher temperature and higher salinity.
Taxa such as the copepod A. tonsa and Amphipoda are more
representative for the inner zone, while, e.g., the copepods
Paracalanus parvus group, Corycaeus and Calocalanus spp., and
Siphonophora and Chaetognatha were found more in the inlet
station ST4. Cirripedia larvae, Bivalvia larvae, Cladocera, and
Appendicularia seemed to be more characteristic for P2 (Figure 7).

As for the trend of zooplankton over the years (Figure 8), in
ST4, Copepoda showed very different abundances in comparison to
PO as well as in the ST5 between P1 and P2. On the other hand, this
does not happen in ST1 even if the trend of the average abundance
values of zooplankton are lower starting from the second part of the
year. Similarly to the Copepoda, Cladocera showed significant
differences between PO and P1 and P2 only at ST4. As for the
other zooplankton taxa, slight differences are visible, but they are
not statistically significant.

On the basis of these results and from a long-term perspective,
our attention has focused therefore on the decrease of abundances
of the dominant copepod community in the last period, P2,
compared to the past. In particular, the decrease in total
abundances is recorded mostly in the hottest months of the year,
from July to September (Figure 9B), a period that, in recent years,
coincided with the presence in large quantities of the filter feeder M.
leidyi, firstly recorded in 2016 (Malej et al, 2017) and now a
constant presence in the lagoon and in the Adriatic Sea. The
abundance of this ctenophore in the LTER stations is highest in
the hot season (Figure 9A), especially in the summer months, and it
is widespread throughout the lagoon basin. The stations ST3, ST4,
and ST5, which are the ones most influenced by the inputs of
seawater, seem to characterize the areas of greatest presence of the
species. The absolute maximums are reached in ST5 where the
inlets inflow seawater through the navigable canal of S. Felice and
the residence times of the waters (among the highest in the lagoon
basin, Cucco and Umgisser, 2006) facilitate the arrival and
settlement of the species in this type of area.
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Seasonal mean abundance in the two periods, P1 and P2. Taxa with an overall mean abundance of less than 0.5% were grouped and plotted as “others”.

3.3 Changes in copepod community
structure and species co-existence

3.3.1 Community structure

The IndVal analysis performed on P1 and P2 copepod
assemblages identifies the most characteristic species and
assemblages of different habitats (Table 1).

In station ST1, despite the clear dominance of A. tonsa, the
suggested indicator species is Calanipeda aquaedulcis. This species
has been observed from freshwater to saline lake systems, being an
extremely euryhaline osmoconformer (see Svetlichny et al., 2012).
C. aquaedulcis is highly specific of ST1 and its low fidelity depends
on its occasional occurrence, presumably related to rain events.
Indicators of ST4 are a rather large group of 12 neritic-marine taxa,
whereas for station 5, no species overcame the selected
significance threshold.

Interestingly, considering together ST4 and ST5 as
representative of a more marked marine influence, the species A.
clausi and P. parvus group become the most relevant indicators with
both high specificity and fidelity. Conversely, considering together
ST1 and ST5 as representative of the inner brackish habitat, the
species A. tonsa emerges as the most relevant indicator.
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Considering the different periods, in P1 (1998-2001), Calanus
helgolandicus, Pseudocalanus elongatus, and Acartia margalefi
appeared to be the best indicator species, followed by Paracartia
latisetosa that presented exclusivity (i.e., specificity = 1) but low
fidelity. In P2 (2018-2021), Pseudodiaptomus marinus replaced P.
latisetosa (which disappeared) in terms of representativeness of the
association of species, together with Centropages typicus and
Ctenocalanus vanus, two marine species already highlighted as
indicators of ST4.

As expected, a positive relationship between the species
occurrence and their relative mean abundance within the overall
community was observed in both periods (R* = 0.91, p < 0.001 and
R? = 0.76, p < 0.001, respectively, for P1 and P2). The overall
richness amounts to 23 species in both periods. The partition of the
community based on the species dispersion index (Figure 10)
identifies the “core” and “satellite” sub-communities, which
number 12 and 11 species, respectively, in the two periods
(Table 2). It is interesting to note that there is a turnover of 50%
among the 12 “core” species between the periods. In particular, six
of them (A. tonsa, A. clausi, P. parvus, Centropages ponticus,
Oithona similis, and Temora stylifera) maintain the “core” rank in
both periods, while six species (C. helgolandicus, P. elongatus, A.
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Beta-diversity estimates based on Bray—Curtis similarities plotted on
NMDS of the mesozooplankton community. Colors of points refer
to the sampling station of each sample. The two periods are
highlighted plotting convex hulls, the distances to their centroid, and
the standard deviation of the points with the respective colors.
Environmental parameters (red) and the taxa best describing the
ordination pattern (p = 0.001) (black) are plotted as vectors.

margalefi, P. latisetosa, Calocalanus spp., and Oithona nana) having
a “core” rank in the first period become “satellite” in the second
period (apart from P. latisetosa, which is no longer present in the
second period). Conversely six taxa (P. marinus, Oncaeidae,
Clausocalanus spp., C. vanus, Oithona plumifera, and C.
aquaedulcis) having the rank of “satellite” in the first period
switch to the “core” group in the second (apart from P. marinus,
which was not present in the first period).

The rearrangement of the ranks in this central block of 12
species reveals the change in relevance of the role and strategies of
the different species within the community induced by the
modifications of the assembly rules imposed by the habitat. Thus,
for example, species with greater marine affinity, not too large in
size (approximately 1 mm, such as C. vanus), and more active in
finding food (cruise feeders such as Clausocalanus spp.) assume
greater importance in P2 compared to P1.

As a matter of fact, abundances of species with more neritic-
coastal characteristics have significantly increased in P2 compared
to P1 (KW test on medians, see Table 2) while the typically lagoon
ones (P. latisetosa and A. margalefi) exhibited an opposite trend.
Larger species, such as the copepods C. helgolandicus and P.
elongatus, also showed a significant downward trend.

3.3.2 Co-occurrence patterns within the
copepod community

The constructed networks (Figure 11) represent the interactions/
coexistence relations among species within the copepod guild.
Modularity analysis identified three and four sub-communities in
P1 and P2, respectively. Membership in a module is coded by the
color of the node. Intra-module links have the color of the module
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itself, while inter-module links are mixed in color. The thickness of
the links represents the significance of the species co-occurrence.

It is interesting to note that modules (sub-communities) include
species that present and share a certain functional affinity and
convergence of traits. For example, in P1, marine species gather
together around A. clausi (blue module) whereas more brackish
species or extremely euryhaline ones group with A. fonsa (green
module). The third sub-community (orange module) includes mainly
marine taxa with a co-occurrence pattern that reflects functional
diversity and complementarity, presumably stimulated by habitat
heterogeneity, niche differentiation, and trophic specialization.

In P2, the brackish module (blue) is broken apart. This is due to the
module membership reconfiguration (e.g, O. nana) or occurrence
reduction (Labidocera brunescens) of some species. Noteworthy is the
case of C. ponticus, a species found only within the lagoon, which is the
unique species/node belonging to the brackish module of Period 1
serving as connector with both other sub-communities. Though its
occurrence was approximately the same in the two periods (44% and
39% in P1 and 2, respectively), its “disappearance” from the network in
P2 is due to the relevant weakening of its inter-module co-occurrence
pattern (rho < 0.1) with species to which it was linked in P1 (mainly A.
clausi, Euterpina acutifrons, and P. parvus group) perhaps depending
on its trophic specialization leading to competitive infra-module
interaction with the dominant A. fonsa. The other two modules of
the P1 network recombine into three sub-communities in the P2
network (green, orange, and violet modules) exhibiting an extremely
dense species co-occurrence pattern so that every species becomes a
connector within the sub-network. This possibly reveals the existence
of interlaced trophic routes and increases the redundancy of the energy
pathways in the sub-network.

Table 3 compares the global topological features of the P1 and
P2 networks. A small reduction in the number of nodes contrasts
with a significant increase in the number of edges (+150%) and
higher transitivity in P2 than P1 suggests that the network shifted
towards an internal organization containing more densely intra-
connected sub-communities. Node clustering increases the local
robustness of the P2 network but results in the overall presence of
fewer bridges between these clusters and thus leads to possible
network fragmentation (as in the case of the failure of node C.
ponticus and the disconnection of the brackish module). Comparing
P1 and P2, average density and average degree almost doubled and
conversely average path length and network diameter roughly
halved. Therefore, patterns of species co-occurrence became
shorter and mass transport is presumably organized in shorter or
less efficient webs. The null algebraic connectivity for the P2
network confirms that it is disconnected. Moreover, natural
connectivity strongly increased in P2 compared to P1, suggesting
an increased redundancy of alternative routes among nodes.

Topology features at the node level of the P1 and P2 networks
are compared in Figure 12 by considering the communities
subdivided in blocks of species according to their rank as
indicated in Table 2.

Species belonging to Block 2 have a higher degree and
betweenness in P2 than in PI. In particular, for those that lose
P1 and “s” in P2,
respectively), the increase is significant both for the degree (p < 0.05,

the “core” role and become “satellite” (rank “c” in
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K-W test) and for betweenness (p < 0.05, K-W test). Interestingly,
the species of Block 1 (rank “c” in both P1 and P2) exhibit an overall
though not significant decrease in betweenness between P2 and P1
(i.e., in the internal re-adjustment of the community, they
presumably have less influence on mass and energy flows).
Among these in particular is the keystone marine species A.
clausi. All blocks of species show a significantly higher closeness
in P2 than in P1 (p < 0.05, K-W test), whereas no species block

shows a significant change in transitivity.

4 Discussion

This study depicts the patterns of the zooplankton assemblages
in the Venice Lagoon over a period of 25 years in the context of a
long-term drift of the most relevant habitat forcings. This has been
achieved by comparing the zooplankton and copepod community
structures, shown in two 20-year-apart 3-year periods (P1: 1998-
2001 and P2: 2018-2021). Although the most relevant features were
maintained in space and time, several clear changes emerged in the
internal arrangement and species organization, suggesting that
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temperature increase and lagoon marinization are the main
players in modulating the species settlement and interrelations.
The challenge we faced was therefore to understand whether and
how the long-term slow variation of these two parameters was
received by the community and modulated its structure. To answer
the question, we tested a mixed approach, combining traditional
techniques of community structure comparison with the novel
community representation via species coexistence network
applied for the first time to planktonic Copepoda. Driving forces
such as temperature and salinity have very high dynamics
(temperature in time and salinity in space) because they depend
primarily on the season and on the tide, respectively. With long-
term observations, slow dynamics that are usually masked by strong
short-term dynamics are best captured by the consolidated
community structure, which is recorded in the coexistence
network topology, and its changes over time and can be easily
translated into measurable indicators.

Considerable evidence on a global scale points out significant
changes in different geographic areas and habitats, the causes of
which are mainly ascribable to anthropic and climatic forcing
(Newton et al., 2014). Sea surface warming is a largely
acknowledged effect of climate change at planetary and local scale
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(Nykjaer, 2009; Amos et al.,, 2017; Mondal and Lee, 2023). Our
updated estimate on the 25-year LTER monthly time series (1997-
2021) of water temperature indicates an overall warming trend of
0.96°C per decade at Lido inlet, which is consistent with previous
findings (Amos et al., 2017) stating that after a cooling tendency up
to 2004, the warming accelerated after 2008.

As for salinity, previous studies pointed out that tidal flushing
dominates the process of distributing the available freshwater inputs
(Umgiesser and Zampato, 2001; Ghezzo et al., 2011) and proved
that spatial patterns of salinity within the lagoon were maintained in
a quasi-stationary condition from year to year in the last decades of
the 20th century and at least up to 2009 (Zirino et al., 2014). On the
other hand, our analyses suggest that salinity anomalies in the
internal areas were markedly positive since 2015. Hence, we can
conclude that the dilution effect of marine water exerted by the
available freshwater inputs within the lagoon diminished in recent

TABLE 1 Indicator species of the different groups of samples.

years (P2). In other words, throughout the last 25 years, the
zooplankton community, and biota in general, has experienced a
slow shift towards the marinization of the habitat within the lagoon.
Of course, we do not know whether this effect will be a permanent
or transitory feature, though we can expect a further increase in sea
levels and more relevant consequences of drought.

Our findings suggest that temperature and salinity drifts
induced a rearrangement in the intermediate ranks of the
copepod community with the exception of a small group of
species whose relevance remained unchanged in both P1 and P2
periods. Some species, characterizing intermediate lagoon areas in
P1, became satellites in P2. Conversely, former satellite species
became core species in P2 when the lagoon featured more marine
influence. In particular, we observed a clear decrease of the mean
abundance of lagoon copepod species Oithona nana, Acartia
margalefi, and Paracartia latisetosa, commonly found in the

Species IndVal Specificity Fidelity
ST1
Calanipeda aquaedulcis ‘ 0.372 (**) 0.957 0.144
ST4
Oithona similis ° 0.718 (***) 0.956 0.539
Oncaeidae 0.702 (**) 0.960 0.513
Corycaeidae 0.644 (**) 0.874 0.473
Clausocalanus spp. 0.640 (**%) 0.943 0.434
Temora stylifera ° 0.599 (**%) 0.908 0.394
Oithona plumifera ° 0.572 (**) 0.957 0.342
Centropages typicus ° 0.542 (***) 0.894 0.328
Calanus helgolandicus 0.534 (%) 0.943 0.302
Ctenocalanus vanus 0.473 (**%) 1.000 0.223
Calocalanus spp. 0.400 (***) 0.937 0.171
(Continued)
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Species IndVal Specificity Fidelity
Temora longicornis ° 0.304 (**) 0.878 0.105
Diaixis pygmaca 0.260 (*) 0.857 0.078
ST5

P1 (1998-2001)

Calanus helgolandicus 0.438 (*) 0.875 0.219
Pseudocalanus elongatus 0.421 (***) 0.964 0.184
Acartia (Acartiura) margalefi © 0.415 (**) 0.982 0.175
Paracartia latisetosa ° 0.229 (*) 1.000 0.052
P2 (2018-2021)

Pseudodiaptomus marinus ° 0.577 (**) 1.000 0.333
Centropages typicus ° 0.46 (**) 0.803 0.263
Ctenocalanus vanus 0.328 (**) 0.942 0.114
Marine influence (ST4 and ST5)

Acartia (Acartiura) clausi ® 0.938 (**%) 0.968 0.908
Paracalanus parvus group 0.937 (***) 0.953 0.921
Centropages ponticus ° 0.7 (***) 0.968 0.506
Pseudocalanus elongatus 0.379 (**) 0.994 0.145
Brackish influence (ST1 and ST5)

Acartia (Acanthacartia) tonsa ° 0.967 (***) 0.980 0.954

(°) includes copepodites; Signif. Codes: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

Significant IndVal, Fidelity, and Specificity are shown for the assemblages at the different stations (ST1, ST4, and ST5), in the different periods (P1 and P2) and sub-areas of the lagoon (Marine

and Brackish influence).

Venice Lagoon in historical collections, and a concurrent increase of
the neritic/marine taxa such as Oncaeidae, Clausocalanus spp.,
Oithona plumifera, C. vanus, and P. marinus.

In P1 (1998-2001), the copepod community presents a well-
defined group of species of inland areas, typical of more trophic and
diluted waters (e.g., Acartia tonsa, A. margalefi, and Calanipeda

aquaedulcis). These species are never found in the nearby Adriatic
Sea (Camatti, personal communication). Furthermore, P1 points
out a direct link between the aforementioned species and C.
ponticus and O. nana, which, together with A. tonsa, characterize
the Venice Lagoon communities of the considered period (Camatti
et al,, 2019; Pansera et al., 2021). Conversely, in P2 (2018-2021), a
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FIGURE 10

Species occurrence plotted against their index of dispersion (calculated as variance to mean ratio of abundance for each species). The red line
represents the 2.5% confidence limit for the )(2 distribution. Species falling above the red line are the core species (filled dots), and species falling

below the red line are the satellite (or “occasional’) species (see Table 3).

P2

120
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TABLE 2 Community composition and species ranking based on dispersion index in the two periods.

Period 1 (P1) Period 2 (P2)
Ave Rel Ave Rel
Species name  Environment Label Occurrence = Abund Abund Rank Occurrence Abund @ Abund Rank
(ind (ind
(times) m3) (times) m3)

Acartia

(Acanthacartia)

tonsa ° Marine, Brackish aton 103 2261 0.835 c 99 1355 0.703 c

Acartia (Acartiura)

clausi ° Marine acla 98 279 0.103 c 92 415 0.216 c

Paracalanus parvus

group Marine, Brackish | ppar 94 104 0.038 c 99 60 0.031 c

Centropages

ponticus ° Marine cpon 50 24.6 0.009 c 45 23.6 0.012 c

Oithona similis ° Marine osim 40 6.69 0.002 c 39 229 0.012 c

Temora stylifera ° Marine tsty 28 4.82 0.002 < 25 242 0.001 c

Marine,

Oithona nana ° Brackish, Fresh onan 54 6.53 0.002 c 61 7.12 0.004 s

Acartia (Acartiura) 1

margalefi ° Marine amar 20 5.37 0.002 c 2 0.09 <0.001 s (o)

Calanus 1

helgolandicus Marine chel 25 3.56 0.001 c 12 0.5 <0.001 s )

Pseudocalanus 1

elongatus Marine pelo 21 1.41 0.001 < 2 0.05 <0.001 s (***)

Calocalanus spp. Marine calo 6 0.4 <0.001 < 10 0.71 <0.001 s

Paracartia 1

latisetosa ° Marine plat 6 0.59 <0.001 c - - - - *)

Oncaeidae Marine onca 33 2.53 0.001 s 29 12.9 0.007 c

Clausocalanus spp. Marine clau 19 0.99 <0.001 s 26 4.6 0.002 c

Oithona Marine, 1

plumifera ° Brackish, Fresh oplu 24 1.09 <0.001 s 11 3.47 0.002 c *)
T

Ctenocalanus vanus | Marine cvan 4 0.21 <0.001 s 13 3.6 0.002 c )

Calanipeda

aquaedulcis Fresh caqu 7 0.23 <0.001 s 6 1.83 0.001 c

Pseudodiaptomus 1

marinus ° Marine, Brackish | pmar - - - - 38 4.32 0.002 c (o)

Euterpina

acutifrons Marine, Brackish | eacu 34 1.84 0.001 s 47 2.85 0.001 s

Corycaeidae Marine, Brackish | cory 27 1.35 <0.001 s 33 3.2 0.002 s

Centropages

typicus ° Marine ctyp 10 0.6 <0.001 s 30 2.47 0.001 s

Diaixis pygmaea Marine dpyg 6 0.14 <0.001 s 3 0.16 <0.001 s

Temora

longicornis ° Marine tlon 7 0.18 <0.001 s 5 0.1 <0.001 s

(Continued)
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TABLE 2 Continued

Period 1 (P1)

10.3389/fmars.2023.1176829

Period 2 (P2)

Ave Rel Ave Rel
Species name  Environment Label Occurrence Abund @ Abund Rank Occurrence Abund Abund Rank
Labidocera
brunescens ° Marine Ibru 5 0.16 <0.001 s 1 0.01 <0.001 sl
Species Richness 23 23

Three blocks can be identified: Block 1: species maintaining their “core” character in both periods (the upper 6 in the list); Block 2: species that acquire/lose the “core” rank to the detriment/favor
of the “satellite” rank (the central block of 12 species in the list); Block 3: species maintaining their “satellite” character in both periods (the lower six in the list).
Environment: as indicated in the taxon details of the World Register of Marine Species—WORMS (https://www.marinespecies.org).

s1 found only once (1 time in the Period).
¢, core species; s, satellite species;

(°) includes copepodites; 1/] increased/decreased abundances and significance: (*)<0.05; (***)<0.001.

very different picture emerges with a new core of species, indicators
of coastal marine waters, otherwise aggregated and interconnected
only with each other. Co-occurrence network analysis confirmed a
weakening of the inter-module connections in P2. This highlights
the key role that connectors (i.e., species connecting distinct sub-
communities) play in fostering/hampering the propagation of
different ecological perturbations (climate trends, alien invasions,
trophic cascades, etc.) from one sub-community to another.
Furthermore, since it has been suggested that trophic
specialization causes modularity (Prado and Lewinsohn, 2004),
the network structure that translates the realized niche can help
in identifying affinities in functional trophic traits that have been
stimulated in P2 to better adapt to the drifts of the habitat.

The most typical species of internal lagoon environments seem
to undergo, more than others, the change triggered by the current
thermal and water regimes and by the probable consequent change
of the trophic interaction between different taxa. It is also
interesting to note how the newly introduced species, P. marinus,
considered a “weed species” from the point of view of its ability to

FIGURE 11

Network of significant taxon co-occurrence within the copepod guild in P1 (left panel) and P2 (right panel). A link (edge) is established between two
species (nodes) when their Spearman’s rank coefficient is positive (p > 0.1) and significant (p < 0.05). The thickness of edges is proportional to the
strength of the relation (p). The size of each node is proportional to its degree (i.e., the number of edges departing from that node). The color of a
node encodes its membership to a specific module (sub-community of species). Edges that connect species belonging to the same sub-community
(i.e., intra-module links) have the color of the sub-community. Edges that connect species belonging to two different sub-communities (i.e., inter-
module links) have the color obtained by mixing the two colors of the sub-communities. Only species with at least one significant link are
represented (P. latisetosa in P1 and A. margalefi, T. longicornis, and L. brunescens in P2 are skipped, respectively).

Frontiers in Marine Science

spread and adapt to new habitats (Uttieri et al., 2020), appears as a
new stable component of the typical lagoon community. O. nana,
the other typical species, is more abundant near the inlets of the
lagoon compared to the past. This agrees with recent studies
showing how, in recent years, the newly introduced congener
Oithona davisae has occupied the niche left by the indigenous O.
nana (Pansera et al., 2021), which, in fact, in P2 has become a
satellite in inland areas. It is therefore possible that the habitat drift
induced by climate trend has favored colonization by new species.

The P2 period (2018-2021) represents a climatic watershed in
which the increase in average water temperature and positive
salinity anomalies seems to have forced the lagoon zooplankton
communities towards a different equilibrium characterized by a
clearer separation between species related to different habitats as
well as a remodeling of the connections between species. This is
consistent with what seems to have happened in other areas of the
world, including the Mediterranean Sea (Richardson, 2008;
Brugnano et al., 2011; Berline et al., 2012; Mackas et al., 2012;
Mazzocchi et al.,, 2012; Chaalali et al., 2013; Rice et al., 2015;

frontiersin.org
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TABLE 3 Global topological features of the P1 and P2 copepod network.

Normalized Normalized

Ave. Algebraic Natural

Path Average connectivity connectivity

Period Edges Nodes Transitivity = Length Modularity = Diameter Degree (y—_1) (A%)
Pl 70 21 0.634 2.157 0.147 5 6.667 0.017 0324
P2 106 19 0.891 1.138 0.007 2 11.158 0 0.623

Transitivity (or clustering coefficient) of a network measures the tendency of the nodes to cluster together. Modularity measures the quality of a given global network division into sub-
communities. Average path length is the average number of steps along the shortest paths for all possible pairs of nodes. The network diameter is the length of the shortest path between the most
distanced nodes. The algebraic connectivity is the second-smallest eigenvalue of the Laplacian of the graph. It is greater than zero only if the network is connected. Natural connectivity is a

monotonical function of eigenvalues that increases with the addition of edges (Oehlers and Fabian, 2021).

Belmonte et al., 2018; Annabi-Trabelsi et al., 2019; Grainger and
Levine, 2022; Zhang et al., 2022).

Climate change has been found to have multiple effects on
species, communities, and ecosystem functioning in different
aquatic ecosystems with cascading effects on species interactions,
trophic dynamics, and ecosystem function (Wrona et al., 2006;
Weiskopf et al., 2020; Viitasalo and Bonsdorff, 2022). Variations not
only in temperature, salinity, oxygen, and pH, but also in nutrient
concentrations influence biogeochemical processes and
consequently the food chain: the prolonged persistence of water
temperatures above a certain threshold detected and quantified in
our study may have had repercussions on the entire planktonic
community, from micro- to mega-plankton, because it influences
the physiology of each species in a different way and therefore the
resulting composition of the community.

As compared to P1, in the last two decades, water transparency
exhibited a general increase (this study), and in parallel,
chlorophyll-a (this study) and nutrients (Bernardi Aubry et al,
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FIGURE 12

Node topological features of the P1 and P2 copepod networks. Communities are subdivided in blocks of species according to species rank in

Table 2. Four centrality metrics have been calculated for each node/species in the two networks. (1) Node degree: The degree of a node is the
number of links departing from that node. (2) Normalized Betweenness Centrality: Betweenness measures the number of times each node lies on
the shortest path between any pair of nodes. The value is then scaled to the maximum range of betweenness for the network in question. (3)
Closeness centrality: Closeness measures how short the shortest paths are from each node to all other nodes. (4) Node transitivity: Transitivity (or
local clustering coefficient) of a node is the proportion of the connections among its neighbors, which are actually realized compared to the
number of all possible connections. CC: Blockl, species that maintain the core rank in both P1 and P2; CS: Block 2a, core species in P1 that become
satellite in P2; SC: Block 2b, satellite species in P1 that acquire the core rank in P2; SS: Block 3, satellite species in both P1 and P2. M, marine; BM,

marine, brackish; BMF, marine, brackish, freshwater.
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2021) have decreased. This supports the hypothesis of the ongoing
lagoon marinization process and the changes in trophic conditions
(Acri et al., 2020). In the work of Cruz et al. (2020), salinity was
identified as the main factor inducing the increase in the
abundances of several zooplankton taxa or in the production of
the calanoid copepod Acartia clausi, a species with marine affinity,
as also reported by Williams (2001). Our observations are
consistent with this. Future hotter and drier summers due to
climate change are expected to push the lagoon system towards
conditions of even warmer and saltier waters, increasingly affecting
the mesozooplankton community and probably the entire food
chain with changes in species composition.

For example, in recent years, especially in summer, the higher
temperature and the high consumption of nutrients have increased the
presence of gelatinous organisms, particularly jellyfish and large
quantities of M. leidyi, both in the Adriatic and in the lagoon of
Venice (Schroeder et al., 2023). M. leidyi, a voracious predator of fish
larvae and eggs, and phyto- and zooplankton, has created serious
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problems in the fishing of small pelagics (Shiganova, 1997) in the
Black Sea and in closed and relatively small basins such as the lagoons
of Venice, Grado, and Marano, also by clogging the fishermen’s nets
and compromising fishing operations. In this regard, as the period of
blooming of M. leidyi mostly coincides with the increase in
zooplankton abundance, the impact M. leidyi can have is
concerning. M. leidyi’s diet is variable and often reflects the
composition of ambient prey and Copepoda often dominate the diet
of M. leidyi, but meroplanktonic larvae are also consumed, hence a
composition that characterizes a typical lagoon community. Recently,
Schroeder et al. (2023) found that Copepoda and Cladocera were less
represented in the gut content than in situ, while meroplanktonic
groups such as decapod and mollusk larvae were more abundant in
the gut content, indicating a preferential feeding on the latter ones,
indicating that in the Venice Lagoon, M. leidyi’s impact may be greater
on the meroplanktonic compartment, and consequently on the
mussel, clam, and crab fishery and aquaculture.

In this study, among the copepod species permanently residing in
the lagoon, A. tonsa emerged as the most resilient copepod,
confirming its ecological plasticity. Nevertheless, P2 data are
reporting a decrease in the dominance of A. tonsa compared to A.
clausi, and an increase in the presence of species belonging to the
genus Oithona. Almost all copepods are generalist with many species
that show a trophic preferential regime depending on trophic
conditions (Bjornberg, 1981). Daufresne et al. (2009) outline the
mechanisms by which, at the community level, changes in the
proportions between organisms of different sizes, in favor of smaller
ones, or shifts in diversity are acquired. We provided evidence of the
switch from core (in P1) to satellite rank (in P2) of two large-sized
species (average length > 1 cm): C. helgolandicus and Pseudocalanus
elongatus, thus endorsing other findings such that even in eutrophic
systems, where food is not limiting, a continued increase in
temperature could result in a smaller-sized copepod community.
This is also consistent with predictions of the impact of climate
change on aquatic ectotherms (Rice et al, 2015). Mikinen et al.
(2017) attributed the decline of large calanoid copepods to change of
regimes of salinity and temperatures and still Rice and co-authors, in
their work on Central Basin of Long Island Sound (LIS) from the late
1940s until 2012, indicate that in the early 1950s, there has been a
concurrent decrease in the mean size of the dominant copepod species
A. tonsa and A. hudsonica, an increase in the proportion of the small
copepod Oithona sp., and the disappearance of the two largest-sized
copepod genera from the 1950s.

Resilience, which implies the internal reorganization of a
community to maintain functions, appears at the moment of action
to prevent a catastrophic collapse typical of the tipping points of
nonlinear systems. Though the copepod community does not seem to
have changed its state, some important modifications of structure and
assembly mechanisms have already been observed.

The extension of the marine influence within the lagoon has
compressed the spatial gradients of the habitat and created a greater
segregation of the niches available to some typically estuarine taxa
and broadened and strengthened the interactions between marine
species. At the global topology level, this is recorded by the
disconnection of the P2 co-occurrence network and the relevant
increase of the natural connectivity. At the node topology level, the
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readjustment of species roles in P2 community appears as a
generalized increase in the closeness of each species and as an
increase in the degree and betweenness of the species that
experienced a decrease in importance, switching from “core” to
“satellite” rank in the community.

5 Concluding remarks

According to our study, in the Venice Lagoon, the increasing
trend of temperatures and in particular the noticeable prolonged
persistence over threshold of high summer temperature is
stimulating a shift in the copepod community composition
towards smaller species; furthermore, the strong non-selective
predatory pressure of the invasive ctenophore M. leidyi, regularly
present in the lagoon in summer—autumn of recent years, could be
the main cause of the reduction of the abundance of copepods and
other groups, and it could have contributed, together with the
increase of temperature and salinity, to weaken some connections
especially between lagoon species.

The ongoing “disturbance” processes in the Venice Lagoon and
the surrounding areas are certainly not concluded. It can also be
assumed that the direction of the applied “disturbance” has been
monotonic for some decades now; therefore, forms of “disturbance”
recovery are not expected.

The changes in the zooplankton community are the result of
cascading synergistic interactions, but should we, or can we, refer
them to natural or anthropogenic variability? Wanting to project
the results of this study onto a vision linked to the identification of
the main drivers of change triggered by natural or anthropogenic
forces, the observed effects are, at the moment, mainly of indirect
anthropogenic nature. The long-term comparison of zooplankton
communities has revealed an ongoing internal rearrangement.
Thinking in terms of climatic changes and extreme event
scenarios, it can be hypothesized that some phenological traits or
the presence of critical species such as M. leidyi could trigger
responses in terms of modification of the dynamics and
dominance of some species over others, with important trade-offs
at the level of the trophic network and ecosystem services.
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