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Abstract: Zooplankton are a pivotal component of the pelagic community, and their abundance and
distribution are often strongly dependent on environmental conditions at sea. However, climate
change can pose significant challenges to planktonic organisms. Therefore, in this study, we tried to
address the possible effect of short-term climatic anomalies on the zooplankton community in the
North Adriatic Sea, comparing mesozooplankton composition in June between two years with very
different temperature and rainfall levels, i.e., 2019 and 2022. Environmental conditions at sea were
significantly different, since 2022 faced rising temperatures in the northern part of the area and higher
salinity and lower chlorophyll values in coastal samples. Our data unveiled a community shift, from
a Noctiluca-dominated community to a crustacean-dominated one, and revealed that even offshore
areas can be subject to changes, despite having quite stable environmental parameters. Our findings
confirmed the influence of river inputs and temperature on the Adriatic community’s distribution
and composition, highlighting how climate-driven changes could have unpredictable effects on the
whole Adriatic ecosystem. Indeed, each species has its own role in ecosystem functioning and climatic
anomalies could uncouple the fine-scale connections that make up the pelagic trophic web.

Keywords: Adriatic Sea; zooplankton; climate change; MEDIAS; ecology; copepods; cladocerans;
Noctiluca scintillans

1. Introduction

Zooplankton are an extremely diverse group, with sizes ranging from 2 um for
nanozooplankton to more than 200 mm for megazooplankton [1]. Zooplankton are also
extremely abundant, with a biomass that encompasses about 40% of the total pelagic
biomass. Half of that is represented by mesozooplankton, that is the fraction between 200
and 2000 um [2]. Zooplankton are a key component of pelagic marine ecosystems, as they
act as a link between primary producers and higher-order predators [3], from carnivorous
zooplankters and larvae of larger fishes [4] to small pelagic fishes and large oceanic filter
feeders [5,6]. Moreover, zooplankton can also contribute to the regeneration of nitrogen for
microbes and phytoplankton through excretion [7] and connect the microbial loop to the
“canonical” food web through predation on nanoplankton [8]. Finally, fecal pellets and dead
zooplankton sink to the bottom, where a fraction is captured by benthic fauna, contributing
to the enrichment of the seafloor [9]; the rest is buried in the sediment, acting as a sink for
CO;, [10]. Such properties, usually regarded as “ecosystem services”, are determined by
the functional traits of the organisms in the community. The composition and abundance
of this planktonic community are strongly influenced by environmental conditions and
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bottom-up mechanisms; therefore, studying how climatic anomalies can alter their features
is fundamental to preserving ecosystem functioning and trophic coupling [3].

The Adriatic Sea is a semi-enclosed basin that exchanges water with the Mediterranean
Sea through the Strait of Otranto at its southern boundary. The North Adriatic is a shallow
sea, with a mean depth of about 30 m, characterized by colder waters and high river inputs,
while the southern part is warmer and saltier, reaching a maximum depth of 1270 m [11].
The large extent of the continental platform and high nutrient input from coastal areas
make the Adriatic Sea the most productive basin of the Mediterranean [12]. The cooler
area in the north represents a suitable habitat for boreal species like Merlangius merlangus
(Linnaeus, 1758), Sprattus sprattus (Linnaeus, 1758), Fucus virsoides (J.Agardh, 1868) and
Pseudocalanus elongatus (Brady, 1865) [13,14].

However, the Adriatic is also one of the most vulnerable areas to climate change, facing
the largest increases in temperature [15,16]. Such conditions can be extremely harmful for
cold-water species, as they would be trapped in a cul-de-sac with no way out to a colder
sea [17,18]. Moreover, temperature is not the only aspect affected by climate change; many
authors have registered a negative trend in precipitation in Mediterranean countries, with
a more severe toll for the Adriatic in winter, spring, and summer [16,19-21]. This anomaly
has negative returns for the hydrological conditions of the Po River, which faces more
frequent and more alarming droughts [16,22]. The Po River is the main contributor to the
Adriatic’s freshwater input; therefore, a severe reduction in its flow is expected to greatly
affect the oceanographic conditions of the whole basin [16,23-25].

At the start of 2022, seven months of scarce precipitation led to a reduction in rain and
snowmelt, causing a decrease in river flow that was 30% higher than the previous record
(Figure 1). This severe and prolonged drought in Northern Italy sparked serious concerns
over the socioeconomic impact on agriculture, industry, and energy production [26]. This
year was also extremely hot, being the second warmest for Europe and 0.85 °C above the
average for the 19912020 reference period. Heatwaves are indeed becoming stronger
and more common each year, posing a serious threat to both human health and marine
life [27,28].
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Figure 1. Monthly mean discharge (in m3s~!) of the Po River at Pontelagoscuro, Italy in June from
2000 to 2022. The red line is the mean discharge in June averaged over the whole period. Data were
sourced from [29].
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In this context of extreme climatic distress, we tried to address changes in the pelagic
community, comparing the diversity of mesozooplankton in the North Adriatic Sea between
June 2019, which has been a colder and much rainier year, and June 2022, characterized
by extreme heat and water deficit. We also investigated how the extreme draught and the
high temperatures shaped the 2022 pelagic environment, trying to link changes in abiotic
parameters with shifts in plankton composition. Plankton and climate change monitoring
can provide crucial information on the status of pelagic habitats and environmentally
driven fish productivity, linking fish stock fluctuations and variations in lower trophic
levels, which is a clear step towards the recommended ecosystem-based management of
fish stocks [30].

2. Materials and Methods
2.1. Study Area

The Adriatic Sea is a semi-enclosed basin that extends between the Italian and the
Balkan Peninsula, with its major axis (about 800 km versus 200 km) in a NW-SE direction
(Figure 2). It is usually divided into three sub-basins, according to their bathymetry profile.
The North Adriatic is very shallow, with a mean depth of about 30 m, and is characterized
by high river inputs, which favor a rich primary production. The main contributor is
the Po River, which provides about 28% of the total freshwater input and 50% of the
external nutrient input of the whole Adriatic [31,32]. The middle Adriatic is a transition
zone between northern and southern sub-basins, with the two Jabuka (Pomo) depressions
reaching 270 m depth. The southern sub-basin is characterized by a wide depression that is
about 1270 m in depth. Here, the Otranto channel allows limited water exchange with the
Mediterranean Sea [12]. The Adriatic is a temperate warm sea, with temperatures ranging
from 6° in winter to 29 °C in summer and only rarely dropping below 10 °C, even in the
deeper layers. A general increase in temperature from north to south can be observed in
winter, while temperatures are more uniform in other seasons [12]. A clear gradient in
salinity can also be observed from north to south and from inshore to offshore areas, but
with some seasonal differences: the 38.0 PSU isohaline is located near the coast during
winter, while during spring and summer, it spreads southward and offshore thanks to an
increased thermal stratification [11].

There are three principal water masses in the Adriatic Sea: the Adriatic Surface Water
(AdSW), the Levantine Intermediate Water (LIW), and the Adriatic Deep Water (AdDW)
(with every sub-basin having its own characteristic deep water). The LIW is a high-salinity
water that forms in the Levantine basin and is partially diluted along its way to the lonian
Sea, where it can enter the Adriatic through the Otranto Channel. The NAADW (Northern
Adpriatic Deep Water), characterized by a very low temperature, relatively low salinity,
and high density, is formed in the northern basin during winter, when the strong Bora
wind causes evaporation and cooling of surface waters. The NAdADW can fill up the
Jabuka/Pomo Pit and occasionally spreads to the South Adriatic. The MAdADW (Middle
Adpriatic Deep Water) is formed in Jabuka/Pomo Pit, when there is limited Mediterranean
water inflow. The SAdDW (Southern Adriatic Deep Water) originates in the Southern
Adriatic Pit and spreads into the bottom layer of the Eastern Mediterranean [11,12]. The
general circulation is cyclonic with a flow towards the northwest along the eastern side and
a return flow towards the southeast along the western side. The circulation in the three sub-
basins is often dominated by their own cyclonic gyres, which vary in intensity according to
the season. The sub-gyre of the southern Adriatic tends to persist throughout the year. The
sub-gyre of the middle Adriatic is more pronounced in summer and autumn, while in the
north, a cyclonic gyre is evident in front of the Po River mouth only in autumn [11].
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Figure 2. Map of the Mediterranean Sea with a close-up of the Adriatic Sea showing the position of

the sampling stations.

The North Adriatic Sea is a very productive area due to the presence of large river
inputs and a wide continental platform that favors a shorter trophic chain and faster energy
transfer [12]. Phytoplankton biomass usually reaches its maximum in spring, with a second
peak in autumn, following the same pattern observed in river discharge [33,34]. As a result,
zooplankton reach their maximum abundance in summer, when the mesozooplankton
community is usually dominated by copepods, cladocerans, doliolids, Noctiluca scintillans,

siphonophores, and larvae of invertebrates [35-37].
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These characteristics determine the presence of a very valuable fishing industry, mainly
focused on small pelagic fishes and demersal species [38]. However, in recent years,
eutrophication from river discharge has also been associated with recurring mucilage events,
algal blooms, and hypoxia, which can cause the suffering of benthic communities [39,40].

2.2. Sample Collection and Analysis

Samples for this study were collected onboard the R/V “G. Dallaporta” during the
MEDIAS 2019 and MEDIAS 2022 acoustic surveys that took place in June in the western
side of the Northern Adriatic Sea [41]. MEDIAS (MEDiterranean International Acoustic
Surveys) Steering Committee coordinates among participant countries the acoustic surveys
performed in the Mediterranean and Black Sea to assess the biomass and spatial distribution
of small pelagic fish using both acoustic and biological fish data [41,42]. However, acoustic
surveys can also collect data on other pelagic components, for a better evaluation of the
processes that determine pelagic fish dynamics [41,43].

Zooplankton samples were collected through a 2.6 m long WP2 net with a 200 um
mesh size and a circular mouth with a 57 cm diameter. Vertical tows were performed with
a towing speed of 1 m s~1, starting from 3 m above the bottom, to the surface. Sampling
stations were located along acoustic transects. In 2019, most of the sampling was performed
during the night, while in 2022, all samples were collected during the day. Sampled
organisms were then preserved in 4% buffered formaldehyde. Environmental data at
each station were also collected through a SBE 911plus CTD, recording pressure (dbar,
decibar), temperature (°C), fluorescence (as a proxy for phytoplankton biomass, expressed
as pug L), dissolved oxygen (expressed as mL L~! and saturation percentage), salinity
(PSU), and density (kg m~2). Sampling stations in the study area were divided according
to their distance from the coast in inshore and offshore stations. Moreover, the sampling
area was divided according to the bathymetric profile into a northern part, reaching up to
50 m depth, and a southern part, up to 100 m depth (Figure 2).

Ten zooplankton samples for each year were analyzed to characterize the planktonic
community. Samples were selected from both coastal and open sea areas, encompassing
different bathymetric profiles up to 100 m depth. The whole sample was rinsed and
filtered with a 200 um sieve, and the obtained mass was weighed (wet weight, WW, in g,
precision 10™%). Then, samples were quickly sorted to isolate, identify, and count larger
and less abundant organisms. About 1/20th of the sample was then weighed, and all
organisms in the sub-sample were identified to the lowest taxonomic level possible under a
stereomicroscope before being counted.

2.3. Statistical Analysis

We first tried to compare the environmental variables of investigated years to assess
whether the climatic anomaly of 2022 actually influenced the environmental conditions
at sea. Therefore, data of salinity, temperature, oxygen saturation, and fluorescence were
averaged across the whole water column and plotted in a draftsman’s plot to assess the
skewness of the variables; temperature and fluorescence were log(x + 1)-transformed to fit a
linear distribution. The matrix of environmental variables was then normalized to perform
the principal component analysis (PCA), which is an ordination in which samples are pro-
jected onto a “best-fitting” plane, capturing as much of the variability as possible [44]. The
same matrix was also used for a hierarchical cluster analysis (average grouping method),
to group samples according to homogeneous variables. Finally, a three-way univariate
PERMANOVA (permutational multivariate analysis of variance, [45]), with factors de-
scribed in Table 1, was used on the Euclidean distance matrix of salinity, oxygen saturation,
log(x + 1)-temperature, and log(x + 1)-fluorescence to test the presence and significance of
both spatial and temporal differences. This test was run under 9999 permutations, with
permutation of residuals under a reduced model as the permutation method; significant p
values were set at p < 0.05. In the case of a significant difference in the interaction of “factor”



Diversity 2024, 16, 291

6 of 22

year with either “sub-area” or “in—offshore”, a pairwise comparison was also performed to
test differences at a finer scale.

Table 1. Factors used for the PERMANOVA tests on environmental variables and biological data.

Factors Levels Fixed/Random
Year 2019/2022 Fixed
Sub-area North/South Fixed
In-offshore Inshore/ offshore Fixed

Abundance data obtained from the samples analysis were standardized to the sampled
area to avoid dilution in a large water volume for deeper stations. For each station, the
Shannon-Wiener (H') diversity index was calculated. Then, total biomass, total abun-
dance, and the H' diversity index were tested by univariate PERMANOVA analyses. Tests
were run on Euclidean distance resemblance matrixes of log(x + 1)-transformed data for
abundance, biomass, and H’' values and using the same design and method applied for
environmental variables.

A new PERMANOVA test was performed on the Bray—Curtis resemblance matrix of
log(x + 1)-transformed abundance zooplankton data, using the same design described for
previous analyses, to assess the presence and significance of variations in the zooplanktonic
community. Transformation is usually applied to assemblage matrices of abundance
to downweight the contributions of quantitatively dominant species to the similarities
calculated between samples. This is particularly important for Bray—Curtis similarity,
which does not incorporate any form of scaling of each species by its total or maximum
across all samples. The more severe the initial transformation, the more notice is taken of
the less abundant species in the matrix. To take notice also of the less abundant species
and compress the contribution from dominant species, a log(x + 1) transformation was
employed in this analysis [45]. The same resemblance matrix was also used to perform a
non-metric multi-dimensional scaling (nMDS). Its purpose is to represent the samples as
points in a bidimensional space, such that the relative distances apart of all points are in
the same rank order as the relative dissimilarities of the samples [44]. Samples were also
grouped through a hierarchical cluster analysis (average grouping method) to assess the
level of similarity for identified associations.

A SIMPER (similarity percentages) analysis was carried out according to the same
sampling design to identify the most typifying taxon contributing to the average similar-
ity /dissimilarity among the examined years [44]. This was conducted using Bray—Curtis
similarity, with a cut-off for low contribution at 50%.

To identify the environmental drivers of zooplanktonic communities and their struc-
ture across the sampling area, biotic data were correlated with environmental variables.
Environmental data were tested for collinearity among variables by using a draftsman’s
plot, with fluorescence and temperature being log(x + 1)-transformed to fit a linear distri-
bution in the draftsman’s plot. This step is necessary to run a parsimonious model without
redundancies. Afterward, a DistLM (distance-based linear models, [45]) was run with
temperature and salinity as environmental variables, using “step-wise” as the selection
procedure and “AIC (Akaike Information Criterion)” as the selection criterion. All statistical
analyses were run using PERMANOVA+ for PRIMER 6 software [44,45].
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Finally, to assess the correlation of the most abundant groups of zooplankton with en-
vironmental variables, Spearman’s correlation was run using the rcorr function in the hmisc
package on R 4.3.2 (https:/ /www.r-project.org, R Core Team, accessed on 15 December
2023). The biological data used were log(x + 1)-transformed data of abundance for Noctiluca
scintillans, Cladocera, Copepoda, Thaliacea, total abundance, total biomass, species richness,
and H’ index, with untransformed values of salinity and the log(x + 1)-transformed data of
temperature as environmental variables.

3. Results
3.1. Influence of Climatic Anomalies on Environmental Variables

The PCA of environmental variables (Figure 3a) unveiled that samples from 2022
in general had higher temperature and salinity values. Said differences appeared more
evident in inshore stations, which had a much more scattered distribution than offshore
stations. Results from the cluster analysis (Figure 3b) confirmed the interannual continuity
of offshore samples, which were grouped together, while coastal samples were divided
into two different branches: (i) northern inshore samples from 2019 and (ii) northern in-
shore samples from 2022 and southern inshore samples from both years. Station 48_2019
was isolated from other samples as it had much higher temperature values. Univariate
PERMANOVA analyses on the environmental variables (Table S1 in Supplementary Ma-
terials) revealed that only fluorescence and salinity showed significant variation between
the examined years; from the pairwise tests, we were able to determine that, for both
variables, the difference was only significant for inshore stations. Since only the interaction
of terms “year” and “sub-area” showed significant variation in temperature, we performed
a pairwise test to assess significance at a finer scale, revealing that such difference was only
significant in the northern sub-area.

3.2. Changes in the Mesozooplankton Community

Analysis of biological samples did not reveal significant variations in abundance,
biomass, and H’ index between 2019 and 2022 over the whole area (Figures 4 and 5).
However, a significant increase between the examined years was found for H’ values in
the northern sub-area thanks to the pairwise test. Species richness, on the other hand,
decreased from 2019 to 2022, with the pairwise test indicating that such variation was
significant only in the southern sub-area (Table S2 in Supplementary Materials).

In samples from 2019 (Table S6 in Supplementary Materials), the dominant species
was the heterotrophic dinoflagellate Noctiluca scintillans, which represented up to 97% of
total abundance (Figure 5a). Copepods were the most abundant crustaceans in all stations,
with Acartia sp., Oithona sp., and small unidentified calanoids as the dominant taxa. Large
copepods were much less abundant, especially in northern stations, and mainly represented
by Calanus helgolandicus, Centropages typicus, Paraeuchaeta hebes, and Temora stylifera. The
invasive copepod Pseudodiaptomus marinus was also abundant in station 48. Cladocerans
were the second most abundant group for crustaceans, with Pleopis polyphemoides, Penilia
avirostris, and Evadne spinifera as the most common species. Gelatinous zooplankton was
locally abundant in offshore stations of the southern area, mainly represented by the
small doliolid Doliolina muelleri. Other abundant taxa were Oikopleura sp., Muggiaea sp.,
anthomedusae, and Chaetognatha. Meroplankton was mostly present as veliger larvae
of bivalves and gastropods, ophioplutei, decapod zoeae, and anchovy eggs and larvae
(Figure 6).
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Figure 3. Results from the (a) PCA analysis and (b) hierarchical cluster analysis performed on the
multivariate matrix of the environmental variables registered during the survey. The vector length
reflects the importance of that variable’s contribution to these particular two PC axes in relation to all
possible PC axes. PC1 explained 52.2% of variation, while PC2 explained 40.3% of variation. The
overlayed clusters in (a) are groups identified by (b) at 2.4 Euclidean distance.
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Figure 5. Box plots of diversity of zooplankton samples from 2019 and 2022, expressed as (a) H’
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plots, interquartile ranges are shown; black lines represent medians; crosses mark the mean values;
and upper and lower whiskers represent max and min.



Diversity 2024, 16, 291 11 of 22

45N 45N

44N

Legend

Sample composition

o Cladocera

43N

Copepoda

N. scintillans
Thaliacea
Appendicularia

b 13°E I4°E I5°E Mollusca
Chaetognatha

Cnidaria

Echinodermata
Teleostei
Malacostraca
Polychaeta
Other

45°N 45"

43N 43N

I12°E 13°E I4°E I15°E

Figure 6. Pie charts of relative abundance (individuals per m?) of organisms identified from the
zooplankton analysis in (a) 2019 and (b) 2022.



Diversity 2024, 16, 291

12 of 22

In samples from 2022 (Table S7 in Supplementary Materials), on the other hand,
N. scintillans was completely absent, and relative abundance was dominated by copepods
in all stations, except station 38, where cladocerans made a higher contribution (Figure 5b).
Among small copepods, Acartia sp. and Oithona sp. were less abundant, while small
unidentified calanoids had a higher share of the total count. Large copepods also had some
differences, with Calanus helgolandicus being more abundant, while Temora stylifera was not
found in the examined samples. Pseudodiaptomus marinus was very rare, as it had only a
minimal presence in station 30. Cladocerans were the second most abundant taxon, with
some differences in their composition: Evadne nordmanni disappeared in 2022, and Podon
intermedius and Pleopis polyphemoides faced a clear reduction; meanwhile, Pseudoevadne
tergestina, Penilia avirostris, and Evadne spinifera were much more abundant. The presence
of gelatinous zooplankton was also extremely pronounced, with larvaceans of the genus
Oikopleura being the main contributors to total abundance. Muggiaea sp., anthomedusae,
and Chaetognatha were also present in higher numbers compared to 2019. On the contrary,
thaliaceans were determined to be less abundant in 2022, as small doliolids were much less
numerous. However, a concurrent increase in large salps, mainly Salpa fusiformis and Thalia
democratica, was recorded, particularly in station 23, where they were the main contributors
to total biomass. Regarding meroplankton, a spike in abundance was registered for veliger
larvae and ophioplutei, especially in northern samples (Figure 7).

Zooplankton abundance

. Thaliacea
. Appendicularia
Mollusca
. Chaetognatha

. Cnidaria

. Echinodermata
Telcostei

. Malacostraca

. Polychaeta

. Other

Zooplankton abundance (n/m?)

4 14 17 22 23 30 33 38 43 48 4 14 17 22 23 30 33 38 43 48
Stations

Figure 7. Bar plot of zooplankton abundance (individuals per m?) of less represented taxa.

Multivariate PERMANOVA analyses of relative abundance (Table S3 in Supplementary
Materials) uncovered the presence of significant variations of the zooplankton community
between the examined years both over the whole area and within each sub-area. However,
the nMDS plot (Figure 8a) mostly dispersed samples according to their geographic distribu-
tion rather than their sampling year. Such a degree of difference was also confirmed by the
cluster analysis (Figure 8b), wherein three main groups were identified: (i) north inshore
stations, which actually also included sample 38_2019 from the southern area and samples
17_2019 and 17_2022 from an offshore station; (ii) north offshore stations, which included
the southern inshore sample 38_2022; and (iii) southern offshore samples. Station 48 was
an outlier, differing quite a lot from the others.
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Figure 8. Results from the (a) nMDS and (b) hierarchical cluster analysis on the multivariate matrix

of zooplankton abundance. The overlayed clusters in (a) are groups identified by (b) at 65% Bray—
Curtis similarity.

Results from the SIMPER analysis (Table S4 in Supplementary Materials) evidenced
that the main features responsible for the temporal differences in examined samples are
the high abundance of Noctiluca scintillans and Evadne nordmanni, which could only be
found in samples from 2019; the increase in Calanus helgolandicus, Centropages ponticus,
Clauso-Paracalanidae, ophioplutei, Penilia avirostris, and Pseudevadne tergestina, registered
in 2022; and a concurrent reduction in Pleopis poliphemoides and Doliolina muelleri.

3.3. Influence of Environmental Parameters on the Plankton Community

Prior to the DISTLM run, environmental variables were tested for collinearity, re-
vealing a strong correlation between temperature and oxygen saturation and between
salinity and fluorescence (R > 0.7). Therefore, the DISTLM analysis was performed on
the abundance matrix, with salinity and temperature as environmental variables. The
best solution for the DISTLM analysis had both salinity and temperature as explanatory
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variables, accounting, respectively, for 22% and 11.4% of the total variance (Table S5 in
Supplementary Materials).

Spearman’s correlation analysis (Table 2) found a strong negative correlation of both
abundance and biomass with temperature, as copepods, the most abundant group of
metazooplankton, showed the same trend. Species richness also followed this pattern.
Conversely, N. scintillans had a significant negative correlation with salinity, while thali-
aceans had a positive correlation with the same variable. A weak but significant negative
correlation was also noted for N. scintillans with the H” diversity index.

Table 2. Results of the Spearman’s correlation analysis on the matrix of abundant zooplankton species,
diversity, and environmental variables. The top right values are resulting correlation coefficients,
with significant pairs (p < 0.05) marked in red. The bottom left cells show corresponding p-values.
Temp = temperature, Tot abund = total abundance, Tot biom = total biomass, H’ = H' diversity index,
and S = species richness.

Temp Salinity Tot Abund  Tot Biom  N. scintillans H’ S Cladocera Copepoda Thaliacea

Temp —0.402 —0.617 —0.675 —0.280 0.086 —0.515 —0.050 —0.672 —0.454
Salinity 0.079 -0.174 0.135 —0.606 0.244 0.331 —0.226 0.269 0.612
Tot abund 0.004 0.462 0.805 0.495 —-0.292 0.399 0.408 0.654 0.094
Tot biom 0.001 0.569 <0.001 0.216 0.020 0.439 0.374 0.699 0.337
N. scintillans ~ 0.232 0.005 0.026 0.361 —0.469  0.148 0.038 0.016 —0.058
H’ 0.719 0.301 0.212 0.935 0.037 0.250 —0.099 0.128 0.220
S 0.020 0.154 0.081 0.053 0.532 0.288 —0.020 0.504 0.646
Cladocera 0.835 0.339 0.075 0.104 0.874 0.677 0.935 0.373 0.106
Copepoda 0.001 0.251 0.002 0.001 0.945 0.591 0.023 0.105 0.324
Thaliacea 0.044 0.004 0.695 0.146 0.809 0.352 0.002 0.655 0.164

4. Discussion

Our work was a preliminary attempt to analyze the interannual variation of the early-
summer mesozooplanktonic community in the North Adriatic Sea, comparing two years
with very different climatic and environmental features and investigating the link between
biotic and abiotic components. Results from the analyses performed on environmental
variables evidenced the effect of the 2022 climatic anomaly on physical parameters and
primary productivity at sea. The increase in temperature values was only significant
in stations from the northern sub-area, where the lower bottom depth favored the heat
transfer over the whole water column [46]. Meanwhile, the effect of the reduction in river
run-off experienced during 2022 was quite evident in inshore stations, as salinity values
were significantly higher and fluorescence values were significantly lower. The negative
correlation between these parameters confirmed the role of river discharge on nutrient
availability [47,48], which can positively influence the Adriatic productivity through a
bottom-up mechanism [49]. This phenomenon is particularly important in the western
coastal area, where a decreasing trend in nutrient loads and general river input was
linked to a shift towards oligotrophic conditions and to changes in the phytoplanktonic
community [33,34,47,50]. By comparing the surface chlorophyll concentration from satellite
data (Figure 9) recorded before the sampling in station 22 (the closest to the Po River
delta) in both 2019 and 2022, we can also conclude that the decrease in phytoplankton
biomass is unlikely to have been caused by a shift in phenology, since the expected peak in
phytoplankton standing stock did not occur in spring 2022.
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Figure 9. Monthly mean chlorophyll concentration (mg/m?) for the period before the survey in 2019
and 2022 in station 22 at 1 m depth. Data were taken from [51].

The PCA plot and the cluster grouping confirmed that inshore stations experienced
larger variations in environmental conditions compared to offshore stations, where the wa-
ter column is generally more stable and less influenced by coastal processes and continental
inputs [46,52].

Mesozooplankton analysis allowed us to detect the community shift that happened
in the North Adriatic Sea between 2019 and 2022. In both years, an increasing trend in
both biomass and abundance is quite evident as samples approach the Po River area,
confirming the importance of this zone for the productivity of the basin. However, neither
biomass nor abundance differed significantly across years. This phenomenon is not entirely
unexpected, as other authors have reported the uncoupling of zooplankton production
with phytoplankton availability, pointing to the importance of other trophic dynamics,
namely the microbial food web [53-56]. Even though total abundance and total biomass
did not differ much across these years, species number faced a steep reduction, decreasing
from 106 to 87 identified taxa. This reduction was stronger for southern samples, where we
noticed the disappearance of several copepod and cnidarian species. In particular, many of
the species that occurred in 2019 but not in 2022 were taxa more commonly identified in
the deep waters of the South Adriatic, like Diaixis pygmaea, Pareucalanus sewelli, Aetideus
armatus, Eudoxoides spiralis, and Aglaura hemistoma [57-60]. Therefore, the presence of these
species in 2019 might stem from the advection of southern waters, which did not happen
in 2022.

Relative abundance in 2019 was overwhelmed by N. scintillans, a heterotrophic di-
noflagellate that can be responsible for large bloom events, called “red tides”. These bloom
events are quite common in the North Adriatic, typically from April to July [61]. This
omnivorous organism can feed on bacteria, phytoplankton, detritus, protozoan, nauplii,
and copepod and fish eggs [61]. In our samples, we also found some specimens containing
Pleopis poliphemoides, Evadne nordmanni, and ostracods. The abundance of N. scintillans is
usually linked to phytoplankton concentration and water column stability, as reported for
East China Sea, Black Sea, open South Adriatic, and North Adriatic [62-64]. Our results
confirmed the influence of primary productivity on Noctiluca cell concentration, which
reached its peak in the northern sub-area, directly influenced by the Po River discharge in
which low salinity values can increase water stratification in summer, while nutrient input
from land fuels the formation of phytoplanktonic blooms [33,46,47]. The disappearance
of Noctiluca in 2022 might be related to the concurrent increase in some cladoceran and
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copepod species, which might have been negatively affected by food competition and direct
predation from this dinoflagellate [61,65-67]. Indeed, even if no significant correlation was
found for copepods or cladocerans with dinoflagellates, we did notice a low presence of
both taxa in the sample where Noctiluca abundance was higher.

Marine cladocerans are capable of parthenogenetic reproduction, have short genera-
tion times, and can increase the number of individuals in an area rapidly, causing “blooms”
very similar to those observed for phytoplankton, when environmental conditions are
favorable [68]. The changes in environmental and trophic parameters registered between
2019 and 2022 might therefore be connected to the altered composition of the cladoceran
community. Evadne nordmanni, which is generally considered a cold-water species [68,69],
disappeared from 2022 samples, concurrently with the increase in temperature in the north-
ern sub-area. Meanwhile, the decrease observed for Pleopis poliphemoides fitted well with
the observed increase in salinity, since this is a typically estuarine species and can be found
in open sea only when less saline water spreads offshore [69]. On the other hand, Penilia
avirostris and Pseudevadne tergestina had an opposite trend, increasing their presence in the
hot waters of the coastal areas in 2022. This observation confirmed the findings of [69,70],
who classified these species in the “warm-water” group.

Doliolids seemed to prefer opposite conditions compared to Noctiluca, being more
abundant in colder and saltier offshore stations. They have complex life cycles, with
obligatory alternation of sexual and asexual generations, which means that they are able
to respond to favorable conditions by producing offspring quickly, blooming at a speed
comparable to that of phytoplankton [71]. The environmental parameters we registered in
open water areas did not show significant differences; therefore, the reduction observed
in doliolids in our samples cannot be readily attributed to changes in the analyzed envi-
ronmental conditions. The distribution of thaliaceans appears often patchy and hard to
predict, and the hydrodynamic condition of the area, water column stability, phytoplankton
composition, and wind stress may also be important factors in bloom development [72,73].
The decrease in doliolid abundance might also be responsible for the disappearance of
sapphirinid copepods, which are known for feeding on pelagic tunicates [74].

Copepods faced a general increase in abundance in 2022, particularly in some herbivo-
rous or mixtivorous species, like Centropages ponticus, Calanus helgolandicus, and Clauso-
Paracalanidae [35,75,76]. The enhanced abundance of these primary consumers, despite
the concurrent decrease in phytoplankton biomass, might be related to the decrease in
competing herbivorous blooming species, i.e., Noctiluca in the northern sub-area and do-
liolids in the southern sub-area, which are known for easily monopolizing access to trophic
resources [61,77].

Overall, the mesozooplankton community registered in 2019 was quite similar to
the situation found by [35] in June 1996, when abundance was dominated by copepods
and cladocerans (49 and 22%, respectively, of the total abundance), followed by doliolids,
Noctiluca, siphonophores, and larvae of invertebrates. On the other hand, the 2022 shift
in environmental conditions caused a deviation from the previously observed situation,
with the disappearance of Noctiluca and a steep reduction in doliolids. This shift might
also be responsible for a change in zooplankton phenology, altering the normal pattern
of zooplankton development. However, a long-term monitoring is needed to understand
seasonal trends in the mesozooplanctonic community.

The sample groupings identified by both nMDS and hierarchical cluster analyses
confirmed the previous findings for the zooplankton community in the study area [35,59,78],
which is usually divided into three main geographic groups:

e acoastal community with few abundant species like Acartia clausi, Penilia avirostris,
and Paracalanus parvus, characterized by the direct influence of riverine inputs; this
group also included station 17 from the offshore area directly in front of the Po River
delta, testifying the offshore spreading of the low-density coastal water mass [11];

e  aneritic community, similar to the coastal one but with a higher contribution from
Calanus helgolandicus, Temora longicornis, and gelatinous zooplankton; sample 38_2022
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was also in this group, probably because the change in environmental variables
registered in 2022 favored species that thrive in presence of higher salinity and lower
chlorophyll values;

e an “oceanic” community, characterized by an increase in species from deep areas like
Pareuchaeta hebes, Nannocalanus minor, and Nanomia bijuga.

The spatial segregation also fitted well with the identified pattern of environmental
drivers, since salinity (together with chlorophyll concentration) and temperature (together
with oxygen saturation) both figured as significant factors shaping the presence and abun-
dance of Adriatic plankton species and highlighted the importance of riverine inputs for
the distribution of the zooplankton community. Moreover, in both years, plankton diver-
sity in station 48 figured as an outlier, differing from the others. This station is indeed
the most southern and the shallowest, characterized by the highest temperature and the
lowest oxygen concentration. These extreme conditions might be the cause of the lower
level of similarity registered in the cluster analysis. Finally, fluorescence was much lower
in 2022 at the same station, which might explain the interannual differences in the local
community’s composition.

The ecological effect that the zooplankton shift registered in June 2022 might have had
is hard to predict, as many major components of the plankton community decreased, while
others increased. The presence of large quantities of Noctiluca scintillans could definitely
have negative effects on other zooplankters [61,65-67], but it might also be favorable for
those organisms that can prey on the protist. Studying the connection between athecate
dinoflagellates and higher trophic levels is not as easy as for other unicellular marine
organisms because they lack hard structures that are preserved in gut contents and are
readily digested [79,80]. However, some authors did report the use of N. scintillans as
prey for large copepods, fish larvae, crab larvae, and hydromedusae [81]. A similar effect
could also be true for doliolids, which are known to be a trophic source of epi- and
mesopelagic fishes, copepods, pelagic polychaetes, and hydromedusae [82]. Moreover, a
large proportion of these thaliaceans are not consumed and usually sink to the bottom,
together with their fecal pellets, where they can fuel the rich benthic community of the
Northern Adriatic [82-84]. On the other hand, copepods and cladocerans, which increased
in 2022, might have had a key role in the pelagic trophic web, as they are known to be
the preferred food of many important pelagic species like sardine, sprat, Atlantic horse
mackerel, and Mediterranean horse mackerel [5,85,86].

5. Conclusions

This study is a first attempt to analyze the effect that short-term climatic anomalies can
have on environmental conditions at sea and consequently on the zooplankton community
in the Northern Adriatic Sea. Even though the time and spatial extent of this study are
quite limited, our work highlighted the community changes that happened in June in the
mesozooplanktonic community between the analyzed years, registering a shift from a
Noctiluca-dominated assemblage to a crustacean-dominated one and showing how some
species thrived while others suffered in a modified environment. Our findings confirmed
the influence of river inputs and temperature on the Adriatic community’s distribution and
composition, highlighting how climate-driven changes could have unpredictable effects on
the whole Adriatic ecosystem. Therefore, more studies on a broader time scale are necessary
to better understand the influence of climate change on the zooplankton community and
the role of the main planktonic components in the Adriatic trophic web.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d16050291/s1. Table S1: Results of univariate PERMANOVA
main test and pairwise test carried out separately on each environmental variable; Table S2: Results
of univariate PERMANOVA main test and pairwise test carried out on the values of total abundance,
total biomass, species richness and H' index values obtained from the zooplankton analysis; Table S3:
Results of Multivariate PERMANOVA main test and pairwise test performed on the matrix of
relative abundance (individuals per m?) for all taxa identified during zooplankton analysis; Table S4:
Output of SIMPER analysis conducted on the Bray—Curtis resemblance matrix of relative abundance
(individuals per m?) for all taxa identified during zooplankton analysis; Table S5: Results of the
marginal and the sequential test for the DistLM model, with an indication of the best model; Table Sé:
Matrix of taxa identified during zooplankton sorting of 2019 samples, expressed as individuals
per m?; Table S7: Matrix of taxa identified during zooplankton sorting of 2022 samples, expressed as

individuals per m2.
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