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Preface

As Guest Editors, we are very pleased to present this book based on the Special Issue “Ecology

of Marine Zooplankton”, published in the Journal of Marine Science and Engineering. Zooplanktonic

organisms preside over a crucial position within marine food webs, providing the link between

primary producers and higher trophic levels, but also sustaining the vertical exchanges of matter and

energy within deep-sea and benthic communities. The contributions collected in this volume provide

novel insights into the biology and ecology of zooplanktonic organisms with regard to multiple lines

of research, scales and environments, and will surely stimulate discussion in the reference scientific

community.

Marco Uttieri, Ylenia Carotenuto, Iole Di Capua, and Vittoria Roncalli

Editors

ix





Citation: Uttieri, M.; Carotenuto, Y.;

Di Capua, I.; Roncalli, V. Ecology of

Marine Zooplankton. J. Mar. Sci. Eng.

2023, 11, 1875. https://doi.org/

10.3390/jmse11101875

Received: 26 July 2023

Accepted: 10 September 2023

Published: 27 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Editorial

Ecology of Marine Zooplankton

Marco Uttieri 1,2,*, Ylenia Carotenuto 1,*, Iole Di Capua 1,2,* and Vittoria Roncalli 1,2,*

1 Stazione Zoologica Anton Dohrn, Villa Comunale, 80121 Naples, Italy
2 National Biodiversity Future Center (NBFC), Piazza Marina 61, 90133 Palermo, Italy
* Correspondence: marco.uttieri@szn.it (M.U.); ylenia.carotenuto@szn.it (Y.C.); iole.dicapua@szn.it (I.D.C.);

vittoria.roncalli@szn.it (V.R.)

1. Overview

Marine ecosystems, from coastal areas to open waters, teem with a multitude of
heterotrophic and mixotrophic organisms collectively forming the zooplankton, the animal
component of the plankton. Zooplankton is an extremely variegated group, with an
outstanding phylogenetic, taxonomic and functional diversity [1], a biological richness that
captivated even Charles Darwin during his voyage aboard the HMS Beagle, as described
in [2]. Almost all phyla are represented in marine zooplankton, although crustaceans
represent the dominant component [3].

Dimensionally speaking, the size of these organisms ranges between 2.0 μm
(nanozooplaknton) and 20 m (megazooplankton) [4], covering an exceptionally wide gamut
of size fractions. A typical distinction is made between holoplanktonic and meroplank-
tonic species, with the former spending their entire life cycle in a pelagic form and the
latter spending only a transitory planktonic stage [5]. Dietary speaking, zooplankton as a
whole includes bacterivores, herbivores, carnivores, omnivores, and detritivors, as well as
parasitic forms [5]. From an ecological perspective, zooplanktonic organisms provide the
linchpin between different trophic levels; they contribute to the biological carbon pump,
regulate the biomass stock of other planktonic groups, affect ecosystem dynamics, are
excellent beacons of climate change, and are crucial in providing ecosystem services, as
recently reviewed in [6,7]. As such, improving our understanding of the ecological role of
zooplankton implies improving our knowledge of the functioning of marine ecosystems as
a whole [7].

The overarching goal of this Special Issue, themed “Ecology of Marine Zooplankton”,
is to present novel research on the biology and ecology of zooplanktonic organisms. The
collection includes nine articles, one opinion paper, and one review. The subjects cover
multiple themes, from host–parasite interactions to seasonal variability, over a wide range
of scales—from the molecular to the population one scale—and systems investigated—from
lagoons to hydrothermal vents. The result is a cross-cutting, strongly interdisciplinary
volume that may attract the interest of researchers from different fields.

2. Contributions

In their paper, Litvinyuk et al. [8] perform a study to assess the non-consumptive
mortality rate of zooplanktonic organisms, mainly copepods, and the decomposition and
sedimentation rates of carcasses in Sevastopol Bay. Their work reveals a high variability
in these parameters, suggesting a reduced sedimentation rate of copepod carcasses in
turbulent conditions, and a comparable rate of sedimentation and microbial decomposition,
confirming the important role of copepod carcasses in coastal waters.

Köster and Paffenhöfer [9] investigate the role of the predation by the doliolid Dolioletta
gegenbauri on the abundance of the small neritic copepod Paracalanus quasimodo. Their
laboratory experiments show that D. gegenbauri can ingest P. quasimodo eggs at a rate similar
to that with which the doliodid preys upon phytoplankton cells. Conversely, the predation
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on copepod nauplii is significantly lower, likely due to the ability of motile nauplii to detect
D. gegenbauri feeding currents. Based on these outcomes, the authors speculate about the
effect of doliolid predation on copepod community composition.

The effects of several coccolithophore species, differing in cell size, and carbon and
calcite content, on copepod grazing (ingestion and egestion rates) are investigated in the
copepods Temora longicornis and Acartia clausi by Toullec et al. [10]. The authors find that
the cellular volume and calcite content of the species strongly affect the copepod foraging
capability and production of faecal pellets. In particular, contrary to the optimal foraging
theory, copepod ingestion rates increase exponentially with food availability, likely due to
food quality (calcite content). A decoupling between ingestion and egestion rates is also
associated with a possible obstruction of the copepod gut related to calcite itself. Their
study has important implications for the production and sedimentary flux of copepod
faecal pellets into deeper waters.

Martinelli Filho et al. [11] report for the second time the infection of paracalanid
copepods by the alveolate parasite Ellobiopsis chattoni Caullery, 1910 in South Atlantic, in
subtropical coastal areas in the south-east of Brazil. E. chattoni is mostly found attached
to the cephalosome appendages of Paracalanus spp. And Parvolacanus crossirostris, and is
rarely found in the copepod taxa (59) identified in the same samples. However, parasitized
copepods are mainly females rather than males and juveniles, and the highest percentage
of infected copepods is observed in the winter and summer seasons of different years. This
study shows that this infection by the alveolate has a negative impact on the growth and
fitness of future copepod populations.

Zooplankton communities are investigated in studies by Gubanova et al. [12] and
Chaigneau et al. [13], respectively, in response to climate change and seasonal variations in
the Black Sea and a lagoon in West Africa, areas where little is known about the zooplankton
diversity. Gubanova et al. [12] assess the response of the mesozooplankton community
in Sevastopol Bay, a semi-enclosed estuarine-type bay, to the most persistent and intense
marine heat wave recorded in the Black Sea (summer 2010). Using long-term routine
observations (2003–2014), the study reports seasonal variations in zooplankton composition,
abundance, and structure; warm water and non-native species (e.g., Oithona davisae and
Acartia tonsa) showed the maximum seasonal density, suggesting their greater flexibility
to adapt in response to environmental changes. O. davisae is suggested as an indicator of
the environmental conditions associated with the warming of the Black Sea and the whole
Mediterranean basin.

Chaigneau et al. [13] investigate zooplankton diversity and abundance in the Nokoué
Lagoon in southern Benin (West Africa). In response to the high seasonal variations of
salinity, the authors report differences in the zooplanktonic assemblages: during high
water periods (fresh water), zooplanktonic diversity and abundances are quite high, mostly
dominated by rotifers, compared with brackish water periods, when diversity is minimal
and abundance decreases slightly. However, in some areas of the lagoon, changes in
zooplankton abundances are independent of salinity levels, suggesting other factors (e.g.,
riverine inputs, fish traps) as potential drivers.

The spatial and temporal variability of plankton depends on environmental param-
eters. In their contribution, Prakash et al. [14] investigate the role of salinity gradients
on bacterioplankton, phytoplankton, and zooplankton abundance and diversity in the
highly productive Hooghly River Estuary in West Bengal, India. They find zooplankton
distribution strongly affected by water circulation, bacteria, and Chl a content, with higher
abundances of rotifers and cladocerans in lower salinity stations and copepod dominance
in downstream stations with higher salinity. Their results confirm the importance of forag-
ing strategies (bacterivory, herbivory, and omnivory) in shaping plankton communities,
which could have implications for the production of commercially valuable fish and shrimp
species in the estuary.

The structure of the mesozooplankton community in relation to water mass conditions
in the Southeast China Sea is also studied by Wang et al. [15]. The authors find significant
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changes in the mesozooplankton community structure and copepod assemblages in the
upwelling cold dome region, formed by the Kuroshio Current intrusion in the Southeast
China Sea during the southwest monsoon. Copepod species indicators of low temperature
and nutrient-rich water masses characterize the cold dome with respect to the area sampled
the following season.

Hydrothermal vents represent perfect natural laboratories to study the ocean biota
in future climate scenarios. In their opinion paper, Dahms et al. [16] inquire into the
appropriateness of these systems for zooplankton studies, reviewing the available literature
on the topic. The authors conclude that shallow water vents can offer a unique possibility
to understand the possible effects of global change on the resident and allochthonous
zooplankton assemblage, and propose leading questions to be addressed in future studies.

The iron metabolism in copepods is investigated in Roncalli et al. [17]. Attention is
focused on identifying transcripts encoding ferritin, a highly conserved and ubiquitous
multimeric iron storage protein required for the maintenance of iron homeostasis. Using an
in silico workflow on 27 publicly available copepod transcriptomes, the authors describe
the diversity of these proteins and infer their functions using gene expression data in three
target species exposed to stressors and across development. Results point to species-specific
differences suggesting ferritins as potential copepod biomarkers of multiple processes,
such as development, stress response, and iron storage.

An updated review of the distribution of the non-indigenous calanoid copepod Pseu-
dodiaptomus marinus in European and neighboring waters is given in Uttieri et al. [18].
Starting from a previous survey, the authors summarize published literature (from fall 2019
to date) and present original evidence showing the continuous expansion of this species.
The data presented provide a real-time snapshot of the occurrence of P. marinus and are
used to hypothesize future distribution scenarios.

3. Conclusions

The contributions included in this Special Issue cast fresh light on the complexity of
zooplankton ecology, and further our current knowledge on the mechanisms regulating
processes and dynamics taking place at different spatial and temporal scales. Such com-
prehension, however, is still far from being exhaustive: much has been undertaken over
the last decades, but more is yet to come. As guest editors, we gratefully acknowledge the
dedication of all contributing authors, and the time devoted by the reviewers to assess the
quality and merit of the submitted works. We are confident that the reference scientific
community will be deeply inspired by the papers included in this topical collection, which
will surely stimulate new and productive research ideas.

Author Contributions: Conceptualization, all authors; writing—original draft preparation, all au-
thors; writing—review and editing, all authors. All authors have read and agreed to the published
version of the manuscript.

Funding: I.D.C., V.R. and M.U. acknowledge the support of NBFC to Stazione Zoologica Anton
Dohrn, funded by the Italian Ministry of University and Research, PNRR, Missione 4 Componente 2,
“Dalla ricerca all’impresa”, Investimento 1.4, Project CN00000033.

Acknowledgments: The guest editors would like to thank all of the contributing authors and review-
ers who devoted much of their time to realize this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The principal objectives of this research are to measure the non-consumptive mortality rate
of marine copepod zooplankton and the sedimentation rate of copepod carcasses, using short-term
sediment traps, and to reveal a correlation between the rates of the two competitive processes—
sedimentation and degradation of the carcasses under turbulent mixing conditions. The traps
were moored in Sevastopol Bay and adjacent coastal waters (the Black Sea) during summer and
autumn seasons. A simulation model was developed to describe a wide range of processes in the
trap and the water column above it and to interpret the results obtained with the sediment traps.
Significant changes in the abundance of copepod carcasses (from 280 to 12,443 ind. m−3) and their
fraction in the total zooplankton abundance (53 to 81%) were observed in the waters over short time
periods, indicating a high variability of zooplankton mortality, sedimentation, and decomposition
rates. Despite the high concentrations of copepod carcasses in the water column, the rates of their
accumulation in the traps proved to be extremely low, which could be due to intense turbulent mixing
of the waters. The carcass sedimentation rate and the flow of swimmers (motile copepods) into
the traps were significantly higher in waters subjected to weaker turbulent mixing. The obtained
estimates of the sedimentation rate of copepod carcasses (0.012 to 0.39 d−1) were comparable in value
with the rate of their microbial decomposition (0.13 and 0.05 d−1 in the bay and adjacent waters,
respectively). This confirmed the hypothesis on microbial decomposition as one of the key controls
of the fraction of live zooplankton organisms in zooplankton.

Keywords: mesozooplankton; copepod; mortality; carcasses; decomposition; sedimentation; sedi-
ment trap; fluorescein diacetate (FDA); Sevastopol Bay; Black Sea

1. Introduction

Zooplankton are essential components of the marine food web, mediating the flow of
primary production upwards to higher trophic levels [1], and directly affecting pelagic fish
populations and the biological pump of carbon into the deep ocean [2]. Marine ecosystems
were shown to be quite sensitive to zooplankton mortality which can modify elemental
fluxes into the ocean abyss and alter the balance of pelagic assemblages [2,3]. So, it is crucial
to improve zooplankton viability assays, develop the methods for reliable measurement of
mortality rate, and have a good understanding of the processes associated with zooplankton
mortality and carcass decomposition in the water column.

Dead plankton organisms, including copepod carcasses, have long been the object
of hydrobiological research. Various reasons for the plankton mortality, from starvation
and disease to algal bloom and environmental pollution, were also of great interest [4–8].
Nevertheless, there are hardly any studies on the linkage of such important phenomenon
as non-consumptive (non-predatory) mortality of zooplankton to pollution and trophic
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status of marine waters. The rate of this process is very difficult to measure in situ due
to a number of methodological complications [9]. This is the reason why researchers
focus mainly on indirect indicators which include the fraction of live organisms (FLO)
in the community. They identify and enumerate dead (or live) organisms, using simple
and, to a great extent, subjective methods (light microscopy and visual identification) for
calculating the live/dead organisms ratio [6,9–11]. The main innovations are aimed at
automated methods to study abundance and taxonomic composition of plankton, applying
such instruments as Zooscan, ZooCAM, and FlowCAM [12,13]. But the potential of these
technologies to assess FLO and study the plankton mortality has not been fulfilled yet.
In our research, we used a novel fluorescent marker, diacetate fluorescein (FDA), and
an original method of semi-automated (i.e., excepting any subjectivity) sorting of live
organisms in zooplankton samples [14,15].

Our previous evaluations of the mortality of dominant crustacean plankton in Sev-
astopol Bay and adjacent waters [14] have revealed that the mean annual FLO was higher
in more polluted waters of the bay corner. On the contrary, in more clean waters outside
the bay, FLO was low. In order to explain the contradiction between these results and the
already well-established (and seemingly obvious) idea that pollution leads to the death of
organisms and, accordingly, to a decrease in FLO [16], we put forward and experimentally
confirmed the hypothesis of a more intense bacterial decomposition of dead organisms
in the polluted and eutrophicated waters of the bay and, as a possible consequence, an
increase in FLO [15]. Indeed, a pool of dead organisms is formed as a result of natural
(non-consumptive) mortality of zooplankton, while carcasses are removed from the water
column due to the two main processes: bacterial degradation [6] and sedimentation [4,17].

The sedimentation rate of dead organisms is measured in situ based the rate of their
accumulation in sediment traps installed near the bottom in different water areas [5,9,18,19].
However, the majority of such investigations were carried out in calm fresh waters where
sedimentation is the main way of removal of the carcasses from the water column. Conse-
quently, other contributing factors, such as carcass degradation, were neglected, supposing
that their sedimentation occurs faster than their degradation [8,18,19]. But a series of other
studies demonstrated that under turbulence and stratification, dead zooplankton may get
suspended in the water column and act as an additional source of matter and energy for
bacteria [20,21].

Turbulent mixing of water, utilization of carcasses by detritophages, and their de-
composition by bacteria are among the processes which are commonly ignored by the
researchers of zooplankton mortality making the methods they use unreliable. In this
study, we just tried to overcome some of these difficulties by developing an appropriate
simulation model describing the processes in the sediment trap more precise. The principal
objectives of our research are to measure the non-consumptive mortality rate of the copepod
zooplankton and the sedimentation rate of copepod carcasses, and to reveal a correlation
between the rates of the two competitive processes—sedimentation and degradation of the
carcasses, which determine the FLO dynamics under turbulent mixing conditions.

2. Materials and Methods

2.1. Study Sites and Experimental Design

A total of three series of experiments were carried out in the coastal waters of the SW
Crimea (the Black Sea). The experiment BAY11 was run at Station B in Sevastopol Bay on
28–30 November 2017. The experiments SEA05 and SEA11 were conducted at Station S in
the adjacent waters (a mile off the entrance to the bay, with the depth down to 40 m) on
30–31 May 2017 and 16–23 November 2017, respectively (Figure 1).
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Figure 1. (A)—Design of a unit of the sedimentation trap according to [22]: 1—plastic tube; 2—funnel;
3—screwed joint connector; 4—collection cup; 5—connecting clamp; (B)—sites of the trap deployment.

The areas chosen for the research differ considerably in pollution level and trophic
status. Sevastopol Bay is located at the south-western part of the Crimean Peninsula
(the Black Sea). It is a semi-enclosed estuary-type body of water with a reduced water
renewal rate (because of a mole at the entrance) and exposure to chronic industrial and
anthropogenic stress. From the mouth of the Chernaya river in the corner of the bay
(St. B) to the open water outside the bay (St. S) there were observed a gradual increase in
water salinity, and a decrease in the levels of pollution and trophicity. Waters of the bay are
characterized by high concentrations of nutrients, several times exceeding their background
readings in the open sea: up to 290 μmol L−1 of nitrite nitrogen, up to 6.4 μmol L−1 of nitrate
nitrogen, up to 41 μmol L−1 of ammonium nitrogen, up to 5.2 μmol L−1 of phosphates, up
to 98 μmol L−1 of silicates [23]. The eutrophication E-TRIX index was shown to change
on average from 5.05 in the bay at St. B to 4.70 in the open sea at St. S, characterizing the
level of trophicity of Sevastopol Bay as a transition from medium to high [24]. Chronic
oil pollution level increases from the open waters outside the bay to its central part. In
particular, the total amount of chloroform extractable organic compounds ranges from 0.9
to 26.8 mg g−1 of air-dried bottom sediments. The highest oil pollution levels are revealed
in the central part of the bay, with a maximum concentration of 13.4 mg g−1 [25].

Temperature and wind condition at the stations were also different during the trap
deployment. At St.S, water surface temperature was 19.1 ◦C and remained unchanged
through the exposition time of the trap during the experiment SEA05. Wind speed did
not exceed 2.3 m s−1, its direction changed from eastern to north-western. In November
(SEA11 experiment), north-eastern winds prevailed with gusts up to 5–7 m s−1, water
surface temperature decreased from 13.4 ◦C to 11.9 ◦C during the 7-day trap exposition. At
St. B in the bay (BAY11 experiment), average wind speed was 3 m s−1, and temperature
increased from 11.0 ◦C to 12.4 ◦C.

2.2. Design and Exposure Conditions of Sediment Traps

According to [22], the trap tube unit was custom-made of a 120-cm long plastic tube
with entry-hole diameter of 110 mm (Figure 1A). The funnel was a 2-L plastic bottle,
mounted on a pipe and by means of a screwed joint connector attached to a collection cup
(0.5-L plastic bottle). The sediment trap in full assembly included four fastened tube units.

The traps were moored as close to the bottom as possible, anchoring the device with
a 30-kg load at the depth of 8 m at St. B in the bay (BAY11 experiment) and 16–36 m at
St. S in the open sea (SEA05 and SEA11 experiments). In order to keep the trap vertical,
a submerged buoy was used. The trap location was marked with a signal buoy on the
water surface.

Since few zooplankton carcasses were found in the traps after the 24-h experiment
(SEA05), the trap exposition had to be prolonged from 2 (BAY11) to 7 (SEA11) days. Thus,
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the sediment traps were deployed for 1, 2, and 7 days during the experiments SEA05,
BAY11, and SEA11, respectively.

In the experiments SEA11 and BAY11, the collection cups of two units (poisoned units)
were filled with 40% formaldehyde (fin. conc. 2%). The other two units of the trap had no
preservatives (non-poisoned units). First, the preservative prevented microbial decomposi-
tion of copepods in the trap and, second, it killed accidental “swimmers” getting in the trap,
thus providing their accumulation in the collection cup. Consequently, a comparison of the
data from the poisoned and non-poisoned units allowed us to estimate the two processes,
the carcass decomposition rate and the swimming rate of alive copepods into the traps.

The contents of the sediment cups and the trap tubes in the poisoned and non-poisoned
units were analyzed independently. Live organisms were identified in the non-poisoned
units, using a vital stain (see below). The zooplankton found in the sediment cup of the
poisoned unit were considered dead and, hence, were not stained for further viability assay.
The contribution of the swimmers to the total abundance of copepods in the poisoned unit
was estimated, using a simulation model.

2.3. Evaluation of Total Abundance of Zooplankton and Fraction of Live Organisms (FLO)

To study zooplankton species composition, abundance, and FLO, samples of zooplank-
ton were taken at the trap location with a Juday net (entry-hole diameter 37 cm, 150-μm
mesh, filtering cod end) at the beginning of the experiment, immediately after the trap
deployment, and after its exposition.

Zooplankton samples from the water column above the trap and all the trap units
were studied under a light microscope according to [26,27]. The abundance of live and
dead organisms was evaluated after staining the samples with fluorescein diacetate (FDA),
following the original protocol [14,28]. The FDA solution was prepared in dimethyl sul-
foxide (DMSO) (5 mg mL−1) and stored at +4 ◦C. For FDA staining, 1 μL of FDA solution
was added to 1 mL of sample material according to the method widely used in marine
phytoplankton research [29]. The sample was stained for 40 min in the dark. Earlier, this
fluorescent stain was first used in field studies of marine zooplankton as viability marker
in a series of our studies [14,28,30].

Organisms were microphotographed in a Bogorov’s glass chamber under an inverted
microscope (Nikon Eclipse TS100-F) (×4, ×10) equipped with a photo- and video camera
(Ikegami ICD-848P) in the fluorescent mode (blue excitation filter set). The obtained images
were processed with ImageRegionColor (IRC) software for semi-automated estimation
of the proportions of the live and dead zooplankton. The updated version IRC 2.0.2.
developed specifically for our tasks includes discriminant analysis, and allows statistically
significant differentiation between dead and live organisms, depending on intensity of
their staining.

2.4. Estimation of Abundance and Physiological Activity of Bacteria

Flow cytometry was used for measuring the total abundance of bacteria in the water
column and collection cups of the trap at the beginning and after the trap exposition.
Bacterial cells were counted with a Beckman Coulter flow cytometer (Cytomics FC 500)
equipped with blue laser (15 mW, 488 nm). Aliquots (1 mL) of water samples previously
preserved in formaldehyde (fin. conc. 2%) were stained with SYBR Green I (Molecular
Probes Inc.) following the procedures described in [31,32]. Fluorescence of SYBR-Green I in
the FL1 green light (525 nm) was assumed to be proportional to the content of intracellular
nucleic acids and was interpreted as a measure of specific metabolic activity of bacterial
cells, according to [33]. The nonparametric Mann–Whitney test was used to compare
seasons and locations in terms of zoo- and bacterioplankton abundances. The significance
level for all tests was set at <0.05.
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2.5. Simulation Model of Live and Dead Zooplankton Dynamics in Sediment Traps and Water
Column above Them

A simulation model was developed to comprehend and interpret the results of the field
experiments, and estimate the matter flows through the community, including consumptive
and non-consumptive mortalities, sedimentation, and decomposition. The model included
three spatially homogeneous sub-models for describing live and dead copepod zooplankton
dynamics (i) in the water column above the trap (Figure 2, I), (ii) in the non-poisoned units
(Figure 2, II), and (iii) in the poisoned units (Figure 2, III). Table 1 provides description
and units for all the variables measured in the field experiments, as well as the model
parameters.

 

Figure 2. Simulation model describing the live and dead zooplankton dynamics in the water column
above the sediment trap (sub-model I), in the non-poisoned trap unit (sub-model II), and in the
poisoned trap unit (sub-model III). Description of the parameters is in Table 1.

Table 1. List of the measurable variables (*) and the model parameters.

Symbol Description Units

N0 Initial zooplankton abundance in the water column * ind. M−3

Nt Final zooplankton abundance in the water column * ind. M−3

FLO Fraction of live organisms * %
LN Abundance of live organisms in the water column above the trap ind. M−3

LN0 Initial abundance of live copepods in the water column above the trap * ind. M−3

LNt Final abundance oflivecopepodsin the watercolumnabovethetrap * ind. M−3

rlive Apparent specific rate of growth/loss of live copepods * d−1

rdead Apparent specific rate of production/loss of dead copepods * d−1

DN Abundance of dead copepods in the water column above the trap ind. M−3

DN0 Initial abundance of dead copepods in the water column above the trap * ind. M−3

DNt Final abundance of dead copepods in the water column above the trap * ind. M−3

LNT Abundance of live organisms (swimmers) in the trap * ind.
DNT Abundance of carcasses in the trap * ind.
M Non–consumptive mortality rate d−1

g Consumptive mortality rate d−1

d Carcass decomposition rate d−1

μ Specific growth rate d−1

sed Sedimentation rate d−1

mov Net flow of swimmers into the non–poisoned trap unit d−1

mov’ Net flow of swimmers into the poisoned trap unit d−1

T Duration of the experiment d

The first sub-model (Figure 2, I) described dynamics of live (LN) and dead (DN)
copepods in the water column above the trap and included specific growth rate of their
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populations (μ), non-consumptive (m), and consumptive mortality (g), as well as sedimen-
tation (sed) and decomposition (d) of dead organisms:

dLN
dt

= (μ − g − m) LN (1)

dDN
dt

= m LN − (d + g + sed) DN (2)

To simplify the model, a few assumptions were made, including: non-selective con-
sumption of dead and live organisms by predators; equality of the non-consumptive
mortality rate (m) in the non-poisoned unit and the above water column; equality of the
decomposition rate (d) in the non-poisoned unit and the above water column. The value of
d was calculated from previously obtained data (0.13 and 0.05 d−1 at the St. B and St. S,
respectively, at 22.0 ◦C [15]), and the temperature coefficient Q10 = 2.4 [34].

The in situ sedimentation experiments allowed measuring the initial and final abun-
dances of live and dead copepods in the water column above the trap (LN0, DN0, LNt, and
DNt), and consequently, calculating the apparent growth rate of live (rlive) and dead (rdead)
copepods over the duration of the experiment (T):

rlive =
(ln(LNt)− ln(LN0))

T
(3)

rdead =
(ln(DNt)− ln(DN0))

T
(4)

The empirical coefficients rlive and rdead reflected the entire set of processes occurring
in the water column and controlling the population of zooplankton: growth, mortality,
sedimentation, and decomposition of organisms. The abundance of dead and live copepods
in the water column (LN and DN, respectively) were external parameters for the sub-models
II and III, describing processes in the traps. So, it was convenient to describe their dynamics
with the equations:

dLN
dt

= rlive LN (5)

dDN
dt

= rdead DN (6)

The sub-model II simulated the processes in the non-poisoned units of the trap
(Figure 2, II). Apart from the copepod carcasses (DNT) sinking into the trap from the water
column (sed) and suffering from bacterial decomposition there (d), the model took into
account the accumulation of the live swimmers in the trap (LNT), their non-consumptive
mortality (m), and decomposition of the carcasses (d) in the trap:

dDN
dt

= m LNT + sed DN − d DNT (7)

dLNT
dt

= mov LN − m LNT (8)

As it was stated above, the “external” variables LN and DN were defined from the
Equations (5) and (6), using the empirical coefficients rlive and rdead (the Equations (3) and (4)).
Since the model did not account for the swimmers getting from the trap back to the
water column, the coefficient mov presented the balance between inflow and outflow
of the swimmers in/out the trap. Consequently, it appeared to differ significantly in
the poisoned and non-poisoned units, and depend on behavior of the zooplankton. For
example, organisms might have been attracted into the trap by excess of food or avoided
the toxic content of the trap. On the contrary, the rates of sedimentation and accumulation
of carcasses in both the units were supposedly the same.
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The third sub-model (Figure 2, III) described dynamics of dead organisms (DNT) in the
poisoned unit as a function of live (LN) and dead (DN) copepods abundance in the water
column above the trap, net flow of the swimmers in/out the trap (mov’) and sedimentation
of copepod carcasses from the water column (sed):

dDNT
dt

= mov′LN + sed DN (9)

Live organisms were absent in the poisoned unit according to the assumption that all
the swimmers were immediately killed by formaldehyde (mov’ × LN in the Equation (9)).
For the same reason, copepod carcasses were not decomposed by bacteria whose activity
was depressed by the fixator (d × DNT is absent in the Equation (9)). Same as in the
sub-model II, the “external” variables LN and DN were defined from Equations (5) and (6).

Numerical experiments were carried out sequentially with each of the sub-model from
III to I in such a way as to determine the ranges of the coefficients at which the dynamics of
zooplankton in the water column and the traps would correspond well to the empirical
data obtained during the experiments. For the same estimates of sed obtained in the
sub-models II and III, the flow of the swimmers into the poisoned (mov’) and non-poisoned
(mov) trap units were calculated and compared. Next, mortality (m) and sedimentation (sed)
variability and interrelations were studied in the sub-model II. The values and nature of
the relationship between these coefficients were used later in the sub-model I in order to
calculate the specific growth rate (μ) and consumptive mortality (g) of zooplankton.

3. Results

3.1. Species Composition and Dynamics of Zooplankton in the Water Column above the
Sediment Trap

In the samples taken in May in the open sea (the experiment SEA05), the heterotrophic
dinoflagellate Noctiluca scintillans dominated the community (Table 2). Copepods were
rare and presented by the eurythermal species Acartia clausi, the cold-water Oithona similis,
and Pseudocalanus elongatus. In November, all the water samples collected during both the
experiments (BAY11 and SEA11) were dominated by copepods. In particular, the invasive
cyclopoid copepod Oithona davisae was highly abundant, that is a common species in
coastal waters of the Black Sea in autumn [35]. Additionally, Paracalanus parvus, P. elongatus,
A. clausi, and nauplii were found at both the stations. Meroplankton were represented
by Bivalvia, Polychaeta, Cirripedia, Gastropoda, and Decapoda. These taxa were more
abundant in the bay samples (Table 2).

In November, the total abundance of copepods in the water column above the trap
was significantly lower at St. S (below 104 ind. m−3) than at St. B (about 5 × 104 ind. m−3)
(Table 2). Over the two-day experiment BAY11 at St. B, the total abundance of copepods
(and some other zooplankton groups) was decreasing more than three-fold, from 5.0 to
1.4 × 104 ind. m−3, mostly due to the dominant species O. davisae. Such great changes in
the zooplankton numbers could have been related to their abnormally high mortality rates,
which was supposed to be verified using the model. But a transfer of the plankton with
water masses also could not be excluded as a reason for this phenomenon.

The FLO values obtained for particular groups of zooplankton varied within a wide
range from 4 to 100%, and the minima being registered in a few species of copepods,
including the abundant P. parvus (Table 2). This species was found in November at both the
stations, while its live individuals made up only 4% in the samples from the bay. On the
contrary, FLO reached as high as 84 to 91% in O. davisae predominant in autumn samples.
No carcasses were found among Cirripedia and copepod nauplii.
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Table 2. Initial (N0) and final (Nt) total abundances of zooplankton and the fraction of live organisms
(FLO0 and FLOt, resapectively) in the water column, and the numbers of live (LNT) and dead (DNT)
organisms found in the poisoned and non-poisoned trap units after their exposition.

Taxon

Water Column Water Column Non-Poisoned Unit Poisoned Unit

N0,
ind. m−3 FLO0, %

Nt, ind.
m−3 FLOt, % LNT, ind. DNT, ind. LNT, ind. DNT, ind.

Experiment SEA05 (St. S; depth: 36 m; time of exposition: 1 day)
Total Copepoda Nd * 53 849 67 12 0 – –
Acartia clausi nd 58 554 65 2 0 – –
Pseudocalanus elongatus nd 52 36 71 4 0 – –
Oithona similis nd 49 177 60 5 0 – –
Copepoda nauplii nd 88 144 94 10 1 – –
Pleopis polyphemoides nd nd 29 nd 1 0 – –
Noctiluca scintillans nd nd 7806 nd 5 0 – –
Cirripedia nauplii nd nd 188 nd 3 1 – –
Bivalvia larvae nd nd 87 nd 2 0 – –
Experiment SEA11 (St. S; depth: 16 m; time of exposition: 7 d)
Total Copepoda 9597 81 6181 75 43 28 0 178
Acartia clausi 801 87 1527 94 1 0 0 3
Paracalanus parvus 1858 67 1433 43 5 1 0 91
Oithona similis 445 88 203 47 0 0 0 7
Oithona davisae 2435 86 2859 86 10 11 0 32
Harpacticoida 0 nd 2 nd 27 4 0 19
Copepoda nauplii 861 100 797 95 10 7 0 21
Oikopleura dioica 0 85 0 nd 0 0 0 6
Bivalvia larvae 56 nd 135 nd 0 0 0 15
Experiment BAY11 (St. B; depth: 8 m; time of exposition: 11 d)
Total Copepoda 49,691 75 13,981 72 372 125 0 1054
Acartia clausi 237 87 309 64 2 1 0 3
Paracalanus parvus 1707 32 459 4 0 1 0 11
Pseudocalanus elongatus 926 71 60 0 0 3 0 54
Pseudodiaptomus
marinus 0 0 0 0 64 2 0 30

Oithona similis 250 89 75 nd 0 0 0 3
Oithona davisae 46,312 84 13,012 91 285 93 0 854
Harpacticoida 1,25 nd 0 nd 21 3 0 25
Copepoda nauplii 40 nd 89 nd 13 0 0 43
Cirripedia nauplii 584 nd 350 nd 8 2 0 12
Oikopleura dioica 0 nd 112 nd 0 0 0 19
Bivalvia larvae 1229 nd 131 nd 0 0 0 22
Polychaeta larvae 40 nd 62 nd 1 0 0 39
Gastropoda larvae 90 nd 44 nd 0 0 0 5

* nd—no data.

3.2. Accumulation of Zooplankton in the Sediment Trap

Results from the May pilot project (SEA05) showed that very few zooplankton (includ-
ing 12 copepods and 10 copepod nauplii) were in the sediment trap after a 24-h exposure.
The majority of the organisms in the trap were live (excepting 1 Copepoda nauplius and
1 Cirripedia nauplius) (Table 2). Despite the presence of a significant number of dead
copepods in the water column (about 400 ind. m−3 of copepods), their absence in the traps
indicated an important role of the processes hindering sedimentation of dead zooplankton,
such as water mass movement and turbulent mixing. The latter seemed to not affect the
ability of actively moving zooplankton to swim in and out of the trap.

When the experiments were extended to 2–7 days in November, it permitted to increase
considerably the abundance of carcasses in the traps, especially during mass development
of O. davisae (experiment BAY11), up to tens of individuals in the non-poisoned units
(Table 2). However, the prolonged time of the trap exposition complicated the processes
going on inside it. In particular, the abundance of live swimmers getting in the traps by
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accident grew considerably. At the same time, the chances of their death inside the trap
also increased, which, in its turn, could lead to false mortality and sinking estimates. Thus,
both the factors—turbulence and active swimmers—could be the source of miscalculations.

In the November experiments, the abundance of dead copepods in the non-poisoned
trap units increased significantly (28 ind. in SEA11, and 125 ind. in BAY11). However, the
number of the swimmers remained two to three times higher (43 and 372 ind., respectively).
In the poisoned traps, the number of copepods more than doubled (178 ind. in SEA11, and
1054 ind. in BAY11), indicating a considerable proportion of the swimmers and their ability
not only to swim into the trap, but also to leave it easily.

Apart from numerous copepods, the non-poisoned units contained live copepod
nauplii, as well as single individuals of Cirripedia, larvae of Bivalvia and Polychaeta,
while their carcasses were hardly present. The abundance of these organisms (and other
taxons like Gastropoda larvae, Decapoda larvae, Oikopleura dioica) in the poisoned units
was significantly higher, which was associated with their ability to swim in the trap, same
as copepods (Table 2).

An interesting finding was a new and still rare in the Black Sea invasive copepod
Pseudodiaptomus marinus [36], a few individuals of which were found in the near-bottom
traps in Sevastopol Bay (experiment BAY11). This species is capable of active vertical
migrations, while staying in the near-bottom layer during the day, that might explain its
occurrence in the traps. Moreover, dozens of harpacticoid copepods were found in the
traps exposed close to the bottom as they prefer to live in the near-bottom layer and are
associated with seaweeds.

3.3. Dynamics of Bacterioplankton in the Water Column and the Traps

At St. S, bacterioplankton abundances differed insignificantly in May (1.34 × 106 cells mL−1)
and November (1.57 × 106 cells mL−1). In the bay, bacteria were more abundant, up
to 3.42 × 106 cells mL−1. During the two-day experiment BAY11, the abundance of
bacterioplankton decreased down to 1.38 × 106 cells mL−1, thus, changing as considerably
as the abundance of the copepod zooplankton (Table 2). This also indicated a complete
change in plankton structure as a result of water mass movement over the experiment
(Figure 3).

 

Figure 3. The abundance of bacterioplankton (BN) and the proportion of physiologically active
bacteria (HNA) in May (SEA05) and November experiments (SEA11, BAY11): 1—initial values in
the water column, 2—final values in the water column, 3—final values in the non-poisoned units,
4—final values in the poisoned units.

During the experiments SEA05 and SEA11, there was no significant bacterial growth
in the non-poisoned units. On the contrary, in the bay (BAY11), where the abundances
of bacteria and zooplankton were high, the bacterial numbers in the trap increased up
to 4 × 106 cells mL−1. In the presence of the fixative, the total number of bacteria and
the proportion of physiologically active bacteria dropped significantly, but the complete
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death of microorganisms did not occur, probably due to the constant dilution of the fixative
during the exposure (Figure 3).

3.4. Results of Numerical Experiments

Application of the simulation model has allowed us to study dynamics and major
functional characteristics of zooplankton community, including the predominant species—
invasive copepod O. davisae. The results of simulation of the copepod dynamics in the
traps and in the water column above them at stations in the bay (BAY11) and in the open
sea (SEA11) are presented in Figure 4. In both the numerical experiments, the abundance
of live copepods dropped significantly, especially in the bay, while FLO did not decrease
much, in the range between 80% and 70% (Figure 4A,C). Inside the non-poisoned trap
units, the decrease in FLO was more pronounced due to the high rate of accumulation of
carcasses (Figure 4B,D).

Figure 4. Simulation of dynamics of the copepod abundance and fraction of live organisms (FLO) in
the water column (A,C) and the non-poisoned trap units (B,D) during the SEA11 (A,B) and BAY11
(C,D) experiments. LN and LNT are the abundances of live copepods in the water column and the
trap, respectively; DN and DNT are the abundances of dead copepods in the water column and the
trap, respectively. Symbols denote empirical data.

Figure 5 represents the ranges of values of the model parameters at which the sim-
ulated dynamics of copepods in the water column and traps corresponded well to the
empirical data obtained in the experiments SEA11 (Figure 5A–C) and BAY11 (Figure 5D–F).
In the sub-model III, dependences were obtained (straight line 1 in Figure 5A,D) between
the rates of sedimentation of carcasses (sed) and flow of swimmers (mov’), which determined
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the accumulation of dead copepods in the poisoned trap unit by the end of the experiments
SEA11 (DNTt = 178 ind.) and BAY11 (DNTt = 1054 ind.) (Table 2).

Figure 5. Ranges of the coefficients (see their description in Table 1) which characterize dynamics of
the copepod community, and provide the best fit of the simulation model to the results of the SEA11
(A–C) and BAY11 (D–F) experiments. The ranges are marked with a bold line on the graphs, and are
also represented by projections on the axes.

The sub-model II (non-poisoned unit) included two additional coefficients—decomposition
of carcasses (d) and non-consumptive mortality of the swimmers (m). The values of d were
set taking into account the water temperature and the coefficient Q10 and kept unchanged
in each of the numerical experiments. For a wide range of values of non-consumptive
mortality (m), we studied the dependences (straight line 2 in Figure 5A,D) between the
rates of sedimentation of carcasses (sed) and swimming (mov), which determined the
accumulation of carcasses and live copepods in the non-poisoned trap unit and ensured
compliance model to the empirical data obtained by the end of the experiments SEA11
(LNTt = 43 ind., DNTt = 28 ind.) and BAY11 (LNTt = 372 ind., DNTt = 125 ind.). Such a
correspondence was achievable at much lower values of the swimming rate (mov < mov’),
because in the absence of the fixative, mov was the result of two opposite processes—
the swimming of organisms into the trap and their swimming out of it. In addition, a
relationship between sed and m was obtained in the sub-model II (Figure 5B,E), which was
later used in the sub-model III, based on the assumption that the values of non-consumptive
mortality of organisms in the non-poisoned unit and in the water column are the same.
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In the sub-model I (water column), for the entire range of pairs of m and sed values
(which were described in the sub-model II), the values of μ and g were determined, at
which the model provided the best fit to the empirical data obtained in the experiment
and presented in Table 2. The specific growth rate of copepods never exceeded 0.5 d−1 in
accordance with the maximum values reported by other authors [37–39]. The ranges of
values of the main coefficients (μ, g, sed, m), which adequately describe the dynamics of
dead and living copepods in the water column, are shown in Figure 5C,E, in the form of
projections on the axes and are marked with a thick line on the graphs. Each value of m
(abscissa axis in Figure 5C,E) can be correlated with a corresponding set of values of other
coefficients, which together ensure that the model corresponds to the experimental results.

Similar calculations were also made for the invasive copepod O. davisae (Figure 6),
whose abundance was exceptionally high during the autumn experiments, especially in the
bay (BAY11): more than 4 × 104 ind. m−3 (Table 2). Contribution of this species to the total
abundance of the community exceeded 90%. The results obtained in both the experiments
(SEA11 and BAY11) for two components of the zooplankton community, all Copepoda and
the species O. davisae, are summarized in Table 3.

Figure 6. Ranges of the coefficients (see their description in Table 1) which characterize dynamics of
the invasive copepod Oithona davisae, and provide the best fit of the simulation model to the results
of the SEA11 (A–C) and BAY11 (D–F) experiments. The ranges are marked with a bold line on the
graphs, and are also represented by projections on the axes.
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Table 3. Ranges of the coefficients which describe dynamics of the copepod community and the
invasive copepod Oithona davisae, and enable the simulation model to best fit the results of the
experiments BAY11 (Sevastopol Bay) and SEA11 (adjacent waters). Description and units of the
coefficients are in Table 1. The ranges of sed are descending as the sed maxima correspond to minima
of the other constants, and vice versa.

Experiment d mov mov’ sed m g μ

Copepoda SEA11 0.02 0.02–0.04 0.08–0.10 0.05–0.01 0.03–0.13 0.00–0.40 0.00–0.50
BAY11 0.05 0.24–0.29 0.59–0.64 0.16–0.06 0.08–0.19 0.60–0.97 0.00–0.50

O. davisae
SEA11 0.02 0.02–0.03 0.04–0.05 0.08–0.07 0.02–0.08 0.00–0.32 0.12–0.50
BAY11 0.05 0.17–0.18 0.44–0.45 0.35–0.30 0.01–0.06 0.60–1.00 0.00–0.50

The estimates of mov and mov’ obtained in the numerical experiments (up to 0.64 d−1,
Table 3) indicated a significant contribution of the swimmers to the accumulation of or-
ganisms in the trap, which can be comparable to and even exceed the sedimentation of
carcasses. In the bay (BAY11), the values of mov and mov’ were almost an order of magni-
tude higher than in the open sea (SEA11), which was difficult to explain by such a large
difference in the motility of organisms. Since the ratio between the sedimentation rates
sed at St. B and St. S was similar (Table 3) and could be due to turbulent mixing, a similar
explanation may also be applicable to copepods swimming into the traps.

Model estimates were confirmed by the quite expected and explainable ratio between
the values mov’ and mov (Table 3): the net flow of swimmers into the poisoned trap unit
(mov’) was the highest, since the live organisms getting inside could no longer leave it;
lower values of mov were due to outflow of the swimmers” from the trap. The difference
between these values (mov’ minus mov) served as a measure of the outflow of the swimmers
from the trap. Thus, the obtained results indicate that, first, live copepods did not avoid the
poisoned trap units and actively swam in them, and second, in the absence of the poison,
zooplankton left the trap freely.

As it was noted earlier, sedimentation had greater effect on zooplankton dynamics in
the bay waters (0.16 d−1 versus 0.05 d−1 in open waters, Table 3), which was apparently
associated with less intense water mixing in the semi-closed bay. For O. davisae, the same
regularity was obtained, but higher estimates of sed (0.35 d−1 at St. B versus 0.08 d−1 at
St. S, Table 3). The sedimentation rate (sed) was the only parameter that decreased with an
increase in all other coefficients (Figures 5 and 6).

Non-consumptive mortality (m) of copepods in the waters of the bay (0.08–0.19 d−1)
was generally higher than in the adjacent waters (0.03–0.13 d−1) (Figure 5, Table 3). The
ranges of m obtained for O. davisae were equally wide, and their upper limit, on the contrary,
was somewhat higher in the sea (0.08 d−1 at St. S vs. 0.06 d−1 at St. B). The minimum
non-consumptive mortality of the species was observed in the bay (0.01–0.06 d−1, Table 3).

The numerical experiments have allowed an alternative explanation of the signifi-
cant decrease in the total abundance of copepods and the dominant species O. davisae
in the waters of the bay (BAY11 experiment)—exceptionally high rates of predation on
zooplankton (g = 0.60–0.97 d−1 for all copepods; 0.60–1.00 d−1 for O. davisae) (Table 3). For
comparison, the same values were noticeably lower in the SEA11 experiment: 0.00–0.40 d−1

and 0.00–0.32 d−1, respectively (Table 3).

4. Discussion

4.1. Rates of the Processes Controlling Copepod Carcasses Dynamics in the Water Column

The ranges of specific growth rate (μ) put into our model corresponded well to the
estimates obtained by other authors for calanoid and cyclopoid copepods [40], as well as
Oithona spp. [41]. However, it proved impossible to calculate this parameter precisely, since,
in accordance with the simulation results, it could take values in the entire possible range
from zero to the established maximum (Table 3). Only in the autumn experiment SEA11,
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μ was not lower than 0.12 d−1 (Table 3), but this circumstance did not provide any useful
information for understanding and interpreting the data obtained.

The results of the numerical experiments suggested that the sharp decrease in the
abundance of copepods during the BAY11 experiment was associated, first of all, with their
exceptionally high mortality due to predation (g), the specific rate of which reached 0.97 d−1

in the copepod community and 1.0 d−1 in O. davisae (Table 3). We had no information about
the presence of predators that would be able to eat copepods so actively, since such a task
was not set in this study. The same non-predatory mortality rates were earlier reported
only for early developmental stages of planktonic copepods [20].

Another possible reason for such a sharp change in zooplankton abundance could
be water mass movement. It is quite possible that at the end of the experiment we were
dealing with a completely different community, which was brought to the exposition area
of the trap with a stream of water. In such circumstances, none of the existing methods,
including the one presented in our work, would make it possible to correctly estimate the
mortality of zooplankton and the rates of other processes that characterize community
dynamics. The possibility of water mass transfer in the BAY11 experiment could also be
indicated by a significant decrease in the number of bacterioplankton in the water column
above the trap (Figure 3); however, all the parameters involved in the model remained
within acceptable limits, i.e., no negative or abnormally high values were obtained for them.
This, in turn, gave no reason to doubt the results obtained using the simulation model.

The most important conclusion that can be drawn from the results of our study is
the comparability of the rates of copepod mortality, sedimentation, and decomposition of
carcasses in the water column. According to our results, bacteria were more abundant in the
bay, that could serve an explanation of similar differences in the rate of bacterial decay of
copepods carcasses in the bay and adjacent waters [12]. Thus, our earlier hypothesis about
the significant effect of carcass decomposition on the dynamics of FLO in zooplankton of
coastal waters [15] has received more confirmation.

It should also be noted that our estimates of sed proved to be significantly lower than
the published values. It is known that the rate of sinking of carcasses depends on a number
of internal (the degree of decomposition, the size and shape of the body) and external
(salinity, temperature, water density) factors [42–46]. Crustacean zooplankton have well-
developed organs for hovering—antennules, and some species have significant reserves
of fat that prevent passive sinking even after the death of the organism [42]. The rate of
sinking of a crustacean is also influenced by its position, whether it descends with its head
or ventral side down. As the carcass decomposes, its buoyancy may remain negative and
even become positive due, for example, to the release of gas bubbles and their accumulation
under the carapace. In addition, with an increase in salinity and water temperature, the rate
of sinking of dead organisms slows down, regardless of the stage of decomposition [43].
Water stratification and hydrology also contribute to a decrease in the velocity of sinking of
crustacean carcasses [42].

The sinking velocity of copepod carcasses, measured by different authors, changed in
a wide range, according to some estimates, from 36 m d−1 (for small Paracalanus parvus) to
294 m d−1 (for Calanus euxinus) [42], according to others, from 242 to 10,835 m d−1, i.e., 0.3 to
12.5 cm s−1 [43]). In fresh waters, the sedimentation rate of dead Cladocera and Copepoda
ranged from 80 to 124 m d−1, and from 55 to 112 m d−1, respectively [21]. The average
sinking velocity of the species Arctodiaptomus salinus, obtained in situ using sediment traps
(Lake Shira, Russia), were about 8.5 m d−1 [20]. It is interesting that the copepodite stages
(C5) of A. salinus, which slightly differed from adults in size, had, however, lower sinking
velocity (2.0 m d−1), probably due to fat reserves characterizing the diapause state [20].

The mentioned above sinking velocities of dead zooplankton vary in an enormously
wide range—from extremely high values obtained during laboratory experiments in ves-
sels with still water to comparatively low values observed in natural bodies of water.
Undoubtedly, intense turbulent mixing in the water column and peculiarities of the carcass
decomposition (like gas accumulation under carapace) might eventually prevent dead
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zooplankton from sinking, thus, making it impossible to approximate sed from extensive
laboratory data obtained in vessels with still water. We believe that the alternative approach
applied in this study has provided more accurate estimates of sed and demonstrated that
carcass sedimentation is not so significant in controlling the FLO dynamics in marine
zooplankton.

The estimates of the non-consumptive mortality of copepods obtained in the present
study (m = 0.03 to 0.19 d−1), were generally similar to those obtained by other authors for
different fresh and marine waters [9,15,20,45]. In the oligotrophic Bay of Calvi (the Mediter-
ranean Sea), they were calculated from experiments with sediment traps and amounted to
<0.01–0.05 d−1 [45]. In coastal waters of the Mediterranean Sea, non-consumptive mortality
of various species of calanoid copepods varied from 0.004 d−1 (Acartia clausi) to 0.13 d−1

(Paracalanus parvus) [9]. In Sevastopol Bay, the approximation of m from data on FLO in
copepod zooplankton amounted to about 0.05 d−1 [15]. In Lake Shira, mortality rate (0.0003
to 0.103 d−1) of the dominant calanoid copepod A. salinus was calculated from the numbers
of carcasses in sediment traps and water column [20]. Based on these data, the values of m
in pelagic copepods do not usually exceed 0.20 d−1.

4.2. Validity and Applicability of Existing Field Methods for Measuring Zooplankton
Non-Consumptive Mortality

The main problem that we encountered in the course of the in situ experiments was
that sedimentation was not the only process controlling the loss of copepod carcasses in the
water column. Moreover, its contribution to the accumulation of carcasses in the trap was
minimal even if they were abundant in the water column (SEA05).

At the same time, all currently existing experimental and model methods for studying
zooplankton mortality ignore the factors preventing carcasses sinking, such as turbulent
mixing, stratification of the water column, and decomposition of dead organisms in the
water column. Moreover, the very concept of mortality is often replaced by sedimentation,
while its assessment is reduced to a direct account of carcasses in the sediment trap [47,48]
and to recalculation of the obtained values into the number of dead organisms that settled
per 1 m2 of the seabed in 24 h [43]. In a number of studies, the non-consumptive mortality
of mesozooplankton was presented as “sedimentation losses” (% d−1) and was calculated
as the ratio of the sedimentation rate of carcasses into traps (ind. m−2 d−1) to the total
abundance of zooplankton in the water column [19]. More complex and detailed models
(for example, [49]) were also used to calculate mortality rate of zooplankton in many
studies, based on the assumption that sedimentation is the main mechanism of carcasses
loss, and the other processes such as decomposition and consumption by detritophages can
be neglected, since carcasses sink faster than they get consumed or degraded [5,20,46,47].

In later research, more attention was given to factors hindering the sinking of dead
zooplankton. In particular, special coefficients were introduced that reflect a combined
effect of turbulent mixing, consumption, or microbial degradation [20]. Degradation was
even considered as the main factor controlling dynamics of carcasses [9]. Finally, compelling
evidence was found that a well-pronounced summer stratification in fresh waters may
prevent dead zooplankton from sinking: carcasses turned out not to sink to the bottom
for as long as 5 days, being the energy source for pelagic bacteria [21]. The present study
is the first attempt to make a more inclusive picture of processes happening inside the
sediment trap and the water column above it, while being aware of all the problems related
to increased model complexity.

4.3. The Problem of Live Copepods-Swimmers in the Trap

Our experiments showed that the number of swimmers of O. davisae found in the
trap after its exposure could significantly exceed the number of dead organisms (Table 2).
Thus, the swimmers are a potential source of error in further calculations of zooplankton
sedimentation rate and, finally, the estimates of vertical matter flow in the water column.
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Despite attempts to develop a design of sediment traps preventing swimmers from
getting inside [50,51], the problem still remains unresolved. The use of poisons and the
joint exposure of poisoned and non-poisoned traps cannot always help, since little is
known about the behavioral patterns of plankton swimmers in the trap. Death of the
swimmers inside a non-poisoned trap makes them indistinguishable from the carcasses
settled in the trap during the exposition, resulting in an overestimation of the sedimentation
rate. According to our experience, the use of the poisoned trap units doubled the labor
costs for the experiment, but did not provide any additional information about the most
important processes—mortality and sedimentation, and did not increase the accuracy of
their estimates. However, it allowed us to get information about other variables, such as
the flows of the swimmers mov and mov’ (Figure 4).

4.4. Applicability of Other Models to Our Field Data

The dynamics of live and dead copepods, which we had observed during the ex-
periments, seemed to be controlled by a wide range of factors: Weaker sedimentation of
carcasses due to water turbulence; decomposition of carcasses in the trap and the above
water column; swimming of live copepods into the traps. Consequently, we figured it use-
ful to test the presently known models and methods of zooplankton mortality evaluation
against our data in order to estimate and compare the obtained results.

According to Gris et al. [19], zooplankton mortality is evaluated as sedimentation
losses (SL, %) over a certain period of time. The adaptation of their formula to our data for
the non-poisoned (SL) and poisoned (SLf) units looks as follows:

SL =
(LNT + DNT)100%

S N0 T h
(10)

SL f =
DNT 100%

S N0 T h
(11)

where LNT and DNT are the numbers of live (swimmers) and dead copepods in the trap
(ind.); S is the area of the trap mouth (S = 0.019 m2 for the two units); N0 is the total
abundance of copepods in the water column at the start of the exposition (ind. m−3); T
(day) and h (m) are the time and the depth of the trap deployment, respectively.

According to the results of the autumn experiments, the following estimations of the
daily sedimentation losses were obtained: SL = 0.35%, SLf = 0.87% in the open sea (SEA11)
and SL = 3.29%, SLf = 0.83% in the bay (BAY11). First, a strong discrepancy between SL
and SLf values may be a consequence of the swimming of live copepods into the traps.
Second, these estimates are much lower than those obtained in our simulation model (up to
0.3 d−1, Table 3), since the factors preventing carcass sedimentation (decomposition and
turbulence) were neglected. In their work, the authors presented the daily sedimentation
losses in the epilimnetic cladoceran Daphnia galeata, which amounted to 2.3% of the total
abundance [19], and were likely underestimated. Moreover, SL cannot be regarded as a
measure of zooplankton mortality, as these are different processes.

According to [5,20,46,47,49,52], the non-consumptive mortality of zooplankton (m, d−1)
is calculated as follows:

m =
Δy + GN0(1 − FLO0)

T N0 FLO0
(12)

where N0 is the initial abundance of copepods in the water column (ind. m−3); FLO0 is the
initial fraction of live organisms in the water column (%); Δȳ is a change in the abundance
of carcasses during the trap exposition (ind. m−3); T is the duration of the trap exposition
(day); G is the specific rate of carcass elimination which is calculated as:

G =
v
h

(13)
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where h is the depth of the sampling layer (m), v is the sinking velocity of carcasses (m d−1),
which we calculated differently for non-poisoned (v1) and poisoned units (v2):

v1 =
LNT + DNT

S N0 (1 − FLO0)
(14)

v2 =
DNT

S N0 (1 − FLO0)
(15)

The change in the abundance of carcasses in the water column during the trap exposi-
tion is defined as:

Δy = Nt (1 − FLOt)− N0(1 − FLO0) (16)

where Nt is the final abundance of copepods in the water column (ind. m−3), FLOt is the
final fraction of live organisms in the water column (%).

Applying this model to our experimental data was impossible because of negative mor-
tality (down to −0.09 d−1 in the experiment BAY11) calculated from Equations (12) and (16).
Only in SEA11, a positive value (0.005 d−1) was obtained for the species O. davisae. The
reason for the negative values was a sharp decrease in the carcass abundance in the water
column during the experiments. Thus, Gladyshev’s model proved to be sensitive to the
above mentioned factors, producing greatly underestimated (even negative) estimates of
zooplankton non-consumptive mortality.

According to the simplified approach proposed by [9], zooplankton mortality (m) can
be calculated based on field data on FLO and the rate of decomposition of carcasses in the
water column (measured, for example, under experimental conditions):

m =
(1 − FLO0)

tdFLO0

where td is the average time of carcass decomposition under given temperatures. At low
water temperature in the autumn experiments (11 to 13 ◦C), td exceeded 10 days and
could even reach 20 days (at Q10 = 2.3). Accordingly, m calculated from Equation (17)
was 0.035 d−1 and 0.01–0.07 d−1 in the bay (experiment BAY11) and outside it (SEA11),
respectively, which is significantly lower than the estimates based on our model (Table 3).
The reliability of the results obtained from the Capua’s model raises serious doubts because
of its extreme simplification: the authors of the method completely excluded from their
consideration the most important processes that affect the dynamics of copepod carcasses
in the water column.

Thus, ignoring the most important factors controlling the dynamics of dead organisms
in the water column (such as turbulent mixing and mobility of water masses, utilization
of carcasses by detritophages, and their decomposition by bacteria) makes the methods
unsuitable for reliable measurement of zooplankton mortality and carcass sedimentation
rates using sedimentation traps. Nevertheless, experiments with short-term (2 to 7 days)
exposure of the traps in coastal waters can provide fairly accurate and valuable information
on the extent of non-consumptive mortality of zooplankton, if an adequate simulation
model is used to interpret the data obtained, taking into account all factors.

5. Conclusions

1. Significant changes in the abundance of copepod carcasses (from 280 to 12,443 ind. m−3)
and FLO (53 to 81%) were observed in Sevastopol Bay and adjacent waters over short
time periods, which indicated a high variability of zooplankton non-consumptive
mortality (m), sedimentation (sed), and decomposition rates of dead organisms (d).

2. Despite the high concentrations of copepod carcasses in the water column, the rates of
their enrichment in the traps proved to be extremely low (no more than 20 specimens
per day per trap unit), which could be due to intense turbulent mixing of the waters.
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The rates of non-consumptive mortality (m) and sedimentation (sed) of copepods were
comparable with each other.

3. The obtained estimates of the sedimentation rate of copepod carcasses (0.012 to 0.39 d−1)
were comparable in value with the rate of their microbial decomposition (0.13 and
0.05 d−1 in the bay and adjacent waters, respectively), which confirmed the hypothesis
on microbial decomposition as one of the key controls of FLO in zooplankton. The
influence of sedimentation processes on the dynamics of carcasses in coastal waters
seems to be greatly overestimated.

4. The carcass sedimentation rate (sed) and the flows of swimmers into the traps (mov)
were significantly higher in the bay than in the adjacent waters, which may be ex-
plained by a difference in hydrological regimes at the stations. Weaker turbulent
mixing appeared to increase the contribution of the above processes to the control of
FLO in zooplankton.

5. The models used to process and interpret the results of the short-term sedimentation
experiments should take into account the zooplankton swimmers and their death
in the sedimentation trap. Otherwise, mortality and sedimentation rates may be
estimated incorrectly.
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Abstract: The main goal of this contribution was to determine the effect of predation of the often
abundant to dominant doliolid Dolioletta gegenbauri (Tunicata, Thaliacea) on the abundance of co-
occurring planktonic copepods by feeding on their eggs. Previous oceanographic investigations
revealed that doliolids had ingested eggs of small calanoid copepods. The ecological significance
of such feeding could not be quantified completely because the environmental abundance of such
eggs was not known. In this study, the eggs and nauplii of the neritic calanoid Paracalanus quasimodo
(Crustacea, Copepoda) were offered to gonozooids and phorozooids of D. gegenbauri with a 6–6.5 mm
length together with three species of phytoplankton; i.e., simulating diet conditions on the shelf. We
hypothesized that copepod eggs of a similar size as food particles would be readily ingested whereas
small nauplii, which could escape, would hardly be eaten by the doliolids. Our results revealed that
doliolids have the potential to control small calanoids by ingesting their eggs at high rates but not
their nauplii or later stages. Late copepodid stages and adults of co-occurring calanoid species could
cause less mortality because they prey less on such eggs than doliolids of a similar weight. However,
certain abundant omnivorous calanoid species with pronounced perception and/or capture abilities
can prey successfully on the nauplii of small calanoids.

Keywords: copepod eggs; nauplii; doliolids; calanoid copepods

1. Introduction

Mortality among planktonic copepods in the ocean is particularly pronounced for
eggs and nauplii [1–5]). Laboratory studies on Calanus helgolandicus [6], on four species of
calanoids [7], and on two species of calanoids [8] revealed pronounced predation on eggs
and/or nauplii of calanoid copepods.

During a seven-day oceanographic study in January/February of 1990 on the south-
eastern shelf of the United States of America, about 12% of the fecal pellets of the doliolid Do-
lioletta gegenbauri (Tunicata, Thaliacea) contained eggs of the calanoid genus Paracalanus [9].
The researchers’ calculations showed that the feeding rates of large gonozooids of nearly
7 mm in length (in situ, about one such large doliolid L−1) resulted in a noticeable suppres-
sion of that calanoid genus: the oceanographic data indicated that large parts of the water
column where doliolids were abundant showed low abundances of Paracalanus copepodid
stages and adults. A model of the effects of doliolids on the plankton community structure
on the southeastern shelf showed significantly that the presence of doliolids was followed
by a larger decrease in copepods than did a decrease in food supply to the copepods [10].

D. gegenbauri has been found during much of the year on the southeastern U.S. shelf
at a range of abundances, often surpassing 1000 zooids m−3 [9,11]. It is also abundant in
other regions of the eastern seaboard of the USA [12] (at 1500 zooids m−3; [13] at thou-
sands of individuals m−3). This doliolid species has been encountered abundantly off the
Mississippi Delta [14], in the northern Gulf of Mexico [15], and off southern California [16]
and further north [17]. High abundances were found in the Inland Sea of Japan, usually
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>2000 zooids m−3 with a maximum of 48 zooids L−1 [18] (Nakamura 1998), and in the
Kuroshio [19,20]).

Our main question after observing oceanographically the effects of doliolids on small
copepod abundance [9] was: to what extent can doliolids actually affect the abundances
of small calanoids? We designed experiments to offer eggs and nauplii of Paracalanus
quasimodo to large gono- and phorozooids of D. gegenbauri in the presence of environmental
concentrations of several phytoplankton species because to comprehensively understand
in situ feeding processes, potential food organisms ought to be offered together [7]. We
hypothesized that eggs of small planktonic copepods could be readily ingested while they
were still in the water column. We also hypothesized that the nauplii would hardly fall
prey to doliolids because they would perceive the weak feeding current produced by the
doliolids and therefore would escape.

2. Materials and Methods

The doliolid D. gegenbauri was collected at different times of the year on the southeast-
ern shelf of the USA, as was the calanoid Paracalanus quasimodo, which releases its eggs
directly into the water. We utilized a plankton net with a 50 cm mouth diameter and a
200 μm mesh to collect zooplankton gently in oblique tows; i.e., near the surface to near the
bottom to near the surface at ship speeds not surpassing 0.5 kn. The 4 L of codend contents
were gently immersed in large seawater-filled buckets to avoid damaging the doliolids
and copepods. Sorting of doliolids and copepods into freshly collected Niskin bottle water
(from 20 m depth) on board the ship occurred in a temperature-controlled room at 20 ◦C;
they were then placed in glass jars with 1.9 and 3.8 L volumes. Back in the laboratory, both
the doliolids and copepods were immediately placed in their jars on a plankton wheel
rotating at nearly 0.5 rpm. Here, doliolids and copepods were simultaneously offered three
species of phytoplankton: the flagellates Isochrysis galbana and Rhodomonas sp. and the
diatom Thalassiosira weissflogii at average total concentrations ranging from about 50 to
60 μg C L−1 at 20 ◦C in a light–dark cycle of 12 h:12 h.

The doliolids and copepods were reared in separate jars for the ensuing experiment [21].
Food concentrations were quantified with a Coulter Beckman Multisizer IV (Brea, CA, USA)
using an orifice with a 140 μm diameter. Quantifications with the Coulter counter were
regularly checked and confirmed with phytoplankton samples that had settled in 10 mL
chambers and were counted with a Leitz Dialux (Wetzlar, Germany) inverted microscope.
Food concentrations were expressed in units of carbon; i.e., μg C L−1. I. galbana had an
average cell volume of ~50 μm3 with 200 μg C mm−3 of cell volume; Rhodomonas had an
~300 μm3 cell volume with 160 μg C mm−3; and T. weissflogii had an ~1000 μm3 cell volume
with 80 μg C mm−3. Food concentrations in each jar were quantified daily and adjusted in
a manner that resulted in an average concentration of ~50 to 60 μg C L−1 over 24 h.

Doliolids were kept in the laboratory for weeks to months, growing and reproducing
in 3.8 L jars on the rotating wheel. Their water was renewed to about 75% every 4–5 days.
P. quasimodo was reared through several generations in jars with a 1.9 L volume and also
offered those three phytoplankton species, but near a 30 to 40 μg C L−1 total. Prior to our
experiments, doliolid zooids of a similar size were placed in one jar the day prior to each
experiment and we ascertained whether they escaped well.

Each of the six experiments of D. gegenbauri feeding on eggs of P. quasimodo was
started early in the morning using new algal suspensions in GFC-filtered seawater, 50%
of which was water in which the doliolids had been previously. Females of P. quasimodo
produced eggs overnight that were rapidly counted. Each of these experiments lasted 4 to
4.5 h and offered on average 208 eggs L−1 (starting concentration) plus phytoplankton to
three D. gegenbauri gonozooids of a 6–6.5 mm length in a 960 mL jar. The initial and final
egg concentrations were counted in 25 mL settling chambers in triplicate. Phytoplankton
concentrations were quantified at the start and end of each experiment. Doliolid fecal
pellets were collected at the end of each experiment. The production of eggs of P. quasimodo
started after 17:00 h the previous day when about 10 to 15 females were placed into a
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1.9 L jar containing I. galbana and T. weissflogii at an average total concentration of about
50 μg C L−1. By 08:00 h the next morning, no nauplii had hatched; by 12:00 h, an occasional
nauplius was found.

When offering nauplii of P. quasimodo, three large phorozooids (two experiments) or
gonozooids (four experiments) were placed in a 960 mL jar containing the three phyto-
plankton species (I. galbana, Rhodomonas sp., and T. weissflogii) which served as food for both
the doliolids and the nauplii. We usually offered 100 nauplii of varying stages or 75 nauplii
and 25 copepodid stage I of that copepod species for about 4.5 h to large phorozooids
(6–6.5 mm length), and later to large gonozooids (6–6.5 mm length) of that doliolid. Prior
to these experiments, those zooids had been in 1.9 L vessels and were offered those three
phytoplankton species. The nauplii ranged in age from mainly Nauplius stage III to VI.
Since so few nauplii were ingested, we decided to check each doliolid fecal pellet collected
at the end of each experiment to determine whether it contained a nauplius.

For each of the feeding experiments on nauplii, 43 to 90 intact zooid fecal pellets of
D. gegenbauri (i.e., all pellets produced during the experimental period) were individually
checked for ingested nauplii, copepodid stages, and exuviae under a light microscope
(AxioScope A1, Zeiss, Jena, Germany). Each pellet was transferred with a glass pipette to
a slide and covered with a coverslip. The tip of a narrow needle was gently pressed on
the coverslip to release the enclosed food items. Microphotographs of intact and smashed
pellets, as well as the food items of interest, were captured at 100- to 400-fold magnification
using a 5 MP digital CCD camera (AxioCam Mrc 5, Zeiss, Jena, Germany) and the software
AxioVision 4.1.

Feeding rates and average food concentrations were determined according to Frost
(1972) [22]. Statistical analyses were conducted according to Zar (1974) [23] using the Kruskal–
Wallis test, a nonparametric single-factor analysis of variance by ranks for K ≥ 2 independent
samples [24].

3. Results

Doliolids feeding on copepod eggs. We conducted six separate experiments offering
on average 208 eggs L−1 to three large gonozooids of D. gegenbauri (6–6.5 mm length)
over an average period of 4.5 h together with three phytoplankton species (Figure 1). The
Kruskal–Wallis test showed that the clearance rates for the three phytoplankton species and
the copepod eggs did not differ significantly (p < 0.005). The eggs were readily ingested
(Figure 1). Photographs of fecal pellets from these experiments were taken to document
the ingestion of those eggs amidst the phytoplankton cells (Figure 2A,B). Although the
concentration of copepod eggs (208 L−1) was high, it did not contain much particulate
matter (5.24 μg C L−1) when using data from [25] as compared to the simultaneously offered
phytoplankton, which represented the concentrations of a well-developing intrusion onto
the southeastern shelf of the US [26].

Doliolids offered nauplii of P. quasimodo. As our field results [9] did not show that
nauplii of P. quasimodo were ingested by large gonozooids of D. gegenbauri, we decided
to evaluate in specific feeding experiments whether that finding was indeed true. A total
of six experiments were conducted in which each of three zooids (6–6.5 mm length) were
fed mainly on nauplii and the three phytoplankton species (Figure 3). The clearance rates
for phytoplankton were not significantly different from each other (Figure 3, Kruskal–
Wallis test, p < 0.05) but were significantly higher than those for the nauplii of P. quasimodo
(Kruskal–Wallis test p > 0.005). The D. gegenbauri gonozooids in each jar captured a total of
between one to four nauplii during the 4–4.5 h experimental periods. The clearance rates
for nauplii of P. quasimodo were on average 2.0 mL D. gegenbauri zooid−1 h−1 (Figure 3).
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Figure 1. Dolioletta gegenbauri. Clearance rates of gonozooids of 6–7 mm length simultaneously
offered eggs of Paracalanus quasimodo and cells of the three phytoplankton taxa (Isochrysis galbana,
Rhodomonas sp., and Thalassiosira weissflogii) at 20 ◦C.

To recognize nauplii in pellets, they had to be squeezed for microscopical observation
(Figure 2C–E). The nauplii we offered ranged from Nauplius stage III to VI. Those clearance
rates for nauplii would amount to a clearance rate of 2.0 mL large gonozooid−1 h−1, which
would be 7.4% of the rates on eggs (Figure 1). Our photographs revealed P. quasimodo eggs
(Figure 2A,B) and juvenile stages in pellets (Figure 2C–E). Large gonozooids were able to
ingest exuviae (e.g., Figure 2F) that were compressed in the feeding net prior to passing the
esophagus, which measured 60 to 70 μm in diameter.
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Figure 2. Light microscope photographs of fecal pellets of Dolioletta gegenbauri containing intact eggs
(A,B) and juvenile stages (C–E) of the small calanoid copepod Paracalanus quasimodo. The inserts show
the intact doliolid pellets. The white arrows indicate the hardly recognizable ingested zooplankton
food items (eggs, nauplii, and copepodids of P. quasimodo) that were only detectable after the pellets
were smashed (see food items at larger magnifications). (A,B) Phase-contrast micrographs of doliolid
fecal pellets containing four and one P. quasimodo eggs with diameters ranging from 60 to 65 μm.
(C–E) Dark-field and phase-contrast micrographs of smashed doliolid fecal pellets showing their
nauplii (N) “unwrapped”. (F) Phase-contrast micrograph of a doliolid fecal pellet containing a several
hundred micron long exuvia of a copepodid of P. quasimodo. T = intact digested cells of Thalassiosira
weissflogii; R = empty cells of Rhizosolenia alata. E = exuvia.
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Figure 3. Zooids (phorozooids and gonozooids) of Dolioletta gegenbauri (6–6.5 mm body length)
feeding simultaneously on three species of phytoplankton and nauplii of Paracalanus quasimodo.
Arithmetic means and standard errors are given (n = 6).

4. Discussion

We will first discuss the ecological effects of doliolid predation on calanoid eggs and
nauplii, then compare those findings with predation results from omnivorous calanoid
genera that co-occur with doliolids on subtropical shelves, and end with general conclusions
on the effects of doliolid predation on continental shelf food webs.

Feeding of doliolids on eggs and nauplii of small copepods. The assumption of
Paffenhöfer et al., 1995 [9] that doliolid feeding could significantly affect the abundance
of the calanoid copepod P quasimodo came from their field observations on the vertical
abundance and distribution of Paracalanus spp. copepodids and adults versus that of
doliolids. Their abundance was inverse: a higher abundance of D. gegenbauri co-occurred
with a low abundance of Paracalanus spp. Those investigators found no nauplii in the guts
or pellets of doliolids. The authors’ calculations showed that the doliolid assemblage at
times cleared 25% or more of the upper water column of ingestible particles per day. That
was considered a conservative estimate.

Our results revealed that large doliolids (≥6 mm length) ingested P. quasimodo eggs
at rates that were nearly identical to those rates on co-occurring phytoplankton (Figure 1).
What did this finding imply? The clearance rate of gonozooids of a 6–6.5 mm length on eggs
was 28.6 mL zooid−1 h−1, which would amount to 686 mL d−1. As the eggs of P. quasimodo
would hatch within ~15–18 h of being released, such a doliolid would spend that time
at the clearance rate of ~514 mL for that period of 18 h; this implies that about 50% of
those eggs would be ingested by one large doliolid L−1. The extent of such predation
depends on abundance and size of the zooids. Even a small D. gegenbauri zooid of a 4.5 mm
length that was able to ingest cells up to 60 μm in diameter and clearing 350 mL d−1 at
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20 ◦C [27] would clear 233 mL in 16 h, and thus would ingest near 25% of small copepod
eggs. The effect of doliolids of >4 mm length would be a function of their clearance rate as
a population, which repeatedly amounted to more than 500 gonozooids/phorozooids m−3

in the winter of 1990 [9].
Overall, D. gegenbauri should influence to a varying extent the abundance of small

calanoids on subtropical shelves. Aside from the genus Paracalanus, the calanoids Temora
turbinata, T. stylifera, Clausocalanus furcatus, and Centropages furcatus/velificatus also often
occur abundantly on the SE shelf [26] and produce eggs of a similar size, and therefore
could fall prey to D. gegenbauri.

Having copepod eggs ingested and released within pellets revealed that many of those
eggs appeared undamaged (Figure 2A), as we had also observed for diatoms of different
sizes [28]. Those pellets remained for several to many hours in the water column [29].
During that time, the nauplii would most likely hatch. We do not know whether the
hatching nauplii were affected by the digestion process, as the eggs appeared undamaged
externally. Having hatched, the nauplii would attempt to move out of the pellet. We
observed one ingested nauplius that attempted this. Our oceanographic study [9] seemed
to support the assumption that a high percentage of ingested eggs would not lead to
surviving nauplii.

Doliolids produce slow-moving feeding currents by displacing water and particles
therein toward their mouth [30]. Even nauplii with continuously moving appendages
such as Paracalanus most likely will perceive the shear in such feeding currents and escape.
Some nauplii may not be able to do so and thus could be ingested (Figure 3). Overall,
the clearance rate of D. gegenbauri on nauplii of Paracalanus that was calculated in our
experiments was only 2.0 ml gonozooid/phorozooid−1 h−1, implying minimal effects of
doliolids on nauplii and later stages.

Comparing the effects of doliolids with those of calanoid copepods on eggs and

juveniles of calanoids. The intermittent high abundance of larger doliolids [31] (from
about 1000 m−3 on) should affect the abundance of egg-releasing smaller calanoids. It
appeared that eggs and nauplii were more vulnerable than later juvenile stages of calanoid
copepods: Eggs cannot perceive predators and cannot escape, while nauplii can perceive
and escape fairly well; however, copepodid stages have superior perception (extended
first antennae with 3D-arranged setae) and escape capabilities, and therefore are not as
vulnerable to predation by omnivorous copepods as nauplii [32]. Doliolids are effective
at preying on calanoid eggs but not on calanoid nauplii. Different species of omnivorous
calanoids vary in their capability to prey on eggs and nauplii of other species and their
own (Table 1): females of the calanoid Calanus helgolandicus, which usually create a feeding
current, remove eggs at a far higher rate than its nauplii [6] (Table 1). Those rates are usually
lower than those on larger phytoplankton cells by a closely related species [33] (Table 1):
while phytoplankton is perceived via chemosensory mechanisms in a calanoid feeding
current [34], eggs do not produce a chemical signal like phytoplankton. They may either be
perceived by mechanosensory mechanisms, or, if not perceived individually, could arrive
at the mouth together with phytoplankton, which provide the signal for ingestion [35].

The almost continuously moving Temora longicornis clears eggs at a higher rate than
nauplii, whereas two species of the genus Centropages, which are considered ambushers,
clear nauplii at a higher rate than eggs [7]. Our observations (Paffenhöfer and Knowles,
unpubl. observations) revealed that T. stylifera females move almost continuously while
creating a feeding current. They thus provide a mechanical warning signal to nauplii
while ingesting much of the phytoplankton and most likely some calanoid eggs (Table 1).
Centropages velificatus adults, however, create a feeding current only briefly before starting
to sink motionless for longer periods. They are not perceived by slowly swimming nauplii
while ingesting only small amounts of phytoplankton due to brief feeding current activity
(Table 1): C. velificatus adults ingested 7 nauplii day−1 at 30 nauplii L−1 and 13 nauplii d−1

at 60 nauplii L−1 [8]. These findings supported the results of Boersma et al., 2014 [7] of
feeding on nauplii by congeners, revealing differences between doliolids and co-occurring
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copepod genera: while omnivorous calanoids can perceive and capture nauplii and eggs,
doliolids do not rely on perceiving their prey; they instead create a feeding current that
displaces particles with an ~1 to >50 μm diameter toward themselves and ingest them.
Most of the copepod rates were obtained with adult females. It remains to be determined to
which extent earlier copepodid stages could be carnivorous and to which extent potential
predators and their prey operate in similar depth ranges.

Table 1. Average clearance rates on copepod eggs and nauplii and phytoplankton by calanoid
copepods and doliolids (n.d.—not determined).

Species and Stage Temperature Clearance Rate References
(◦C) (mL−1 Copepod−1 Day−1)

Eggs Nauplii Phytoplankton

Calanus helgolandicus female 13–15 320 >102 n.d. Bonnet et al., 2004 [6]

Temora longicornis female 10 161 >120 n.d. Boersma et al., 2014 [7]

Centropages hamatus female 10 94 <195 n.d.

Centropages typicus female 10 159 <224 n.d.

Temora stylifera female 20 n.d. 139 <360
Paffenhöfer and

Knowles
unpubl.results

Centropages
furcatus/velificatus female 20 n.d. 230 >60

Calanus helgolandicus female 15 n.d. n.d. 530 Paffenhöfer 1971 [33]

Dolioletta gegenbauri 20 648 69 670 This paper

Gonozooids/
Phorozooids

Data from a previous cruise [36] revealed that during the summer, on average, the
genus Paracalanus occurred at 1429 copepodid stage II (C II) to adult m−3 in warm surface
waters and at 3030 CII to adults m−3 in cooler bottom layers. At the same time, the potential
predators Centropages furcatus/velificatus were 287 C II to adult m−3 in surface waters and
84 m−3 in cooler bottom layers. The doliolid D. gegenbauri occurred at a low abundance
during those cruises, decreasing from 424 to 8 zooids m−3 [37]. This species is usually found
during the summer in larger numbers only in cooler bottom layers and in the thermocline.

Data on the actual vertical distribution of nauplii in the ocean are sparse: during the
summer of 1979, several cross-shelf transects using a 30-micron mesh for sampling the
entire water column with a pump revealed the following [38] when sampling the warm
upper mixed layer, the thermocline, and the cold bottom layers consecutively. Nauplii
occurred between 7 and 100 L−1. At 11 stations, they were most abundant five times in
the upper mixed layer, four times in the thermocline, and twice in the intrusion of cold
water. While Paracalanus spp. occurred from about 3000 to 11,000 m−3 and Temora turbinata
from near 1000 to 5000 m−3 (C I to adults), doliolids were sparse, amounting to 60 to nearly
300 zooids m−3 over the following two weeks, and therefore should have had hardly any
effect through predation on the copepods’ eggs. However, one week later D. gegenbauri
had increased to 620 to 1230 gono/phorozooids m−3 in the thermocline and had intrusion
at two stations, which had the potential to affect the populations of Paracalanus spp. and
T. turbinata.

Our time-series findings from a two-month oceanographic coverage (weekly) of
the southeastern shelf off northern Florida and southern Georgia showed abundances
of 20–250 D. gegenbauri zooids m−3 on part of the shelf by mid-July and maxima of
500–1000 zooids m−3 two to three weeks later, which diminished afterward [26]. In com-
parison to the winter of 1990 [9], these summer doliolid abundances should have had a
limited effect on the populations of small copepods, which were dominated by T. turbinata
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repeatedly reaching maxima between 1000 to 10,000 (mainly juveniles) m−3. There were
no data on the sizes of D. gegenbauri during all those summer studies. The very high
abundances of T. turbinata could have diminished doliolid reproduction, as they could
have grabbed doliolid larvae and thus killed them (grabbing behavior of Temoridae, pers.
observation, G.-A. Paffenhöfer for copepodids and adults).

The clearance rates of D. gegenbauri on phytoplankton of about 640 to 670 mL gono-
zooid (body weight of 35 μg C)−1 d−1 were slightly above the rates of nearly 600 mL
gonozooid (body weight of 35 μg C)−1 d−1 feeding at 60 μg C L−1 of phytoplankton [27]
(and also the rates shown in Figure 1) We may attribute such differences to variability when
cultivating these doliolids.

Doliolids do not appear to choose particles based on their chemical quality and
composition. They could affect calanoid reproduction more than similarly sized calanoids:
Our study provided a glimpse into what extent planktonic copepods and doliolids will
affect zooplankton communities via predation on copepod eggs. However, the short
residence time of small calanoid eggs in the water column prior to hatching (15–18 h)
implied only short periods of vulnerability in situ as compared to nauplii, which will exist
for about 4–8 days in the water column prior to molting to copepodid stage I (C I). Then
they are less vulnerable to predation [32]. In essence, eggs would be mainly vulnerable to
doliolid occurrence while nauplii would be sensitive to copepodids and adult calanoids
(omnivory) on a subtropical shelf. Other studies revealed that the far less abundant but
larger outer-shelf and oceanic salps are considered carnivores [39,40] as observed in their
gut contents.

General Conclusions. Earlier results [10,41] and ours indicated that doliolids can have
significant influences on food web processes on subtropical continental shelves: they can
ingest anything from a nearly one micron width to a >60 micron maximum dimension. Such
food particles include detritus such as fecal pellets [41], which are displaced by a gentle
current into a doliolid’s mouth and settle on the mucous filter. However, in comparison to
copepods, the doliolid digestion process is limited [42]. The fecal pellets contain aggregated
or not or partly digested small cells [28] (e.g., Isochrysis galbana), which as individual cells
are not perceived by copepods and can now, as a pellet, be ingested and used by calanoids.
At the same time, such doliolid pellets sink slower than similarly sized copepod pellets [29],
depriving the seafloor of food particles as those are ingested by suspension feeders in the
water column [43] (e.g., heterotrophic dinoflagellates). In comparison to most copepod
fecal pellets, the doliolid pellets contain considerable amounts of nitrogen [43], which,
compared with copepod pellets, can support growth of those zooplankters ingesting them.
Doliolids do not uniformly digest and utilize phytoplankton as many calanoids do, which
destroys the cells when they enter the esophagus and then utilizes the cells’ contents to
a high percentage. Doliolids do not persist permanently in abundance on continental
shelves as voracious predators such as hydromedusae with extended tentacles ingest and
digest them readily (unpubl. results by L. Frazier and G.-A. Paffenhöfer, shipboard and
laboratory observations). As addressed in [1,2], we wanted to inquire to what extent
different copepod species (calanoids and cyclopoids) and smaller doliolid zooids actually
affected a community’s copepod composition via predation on eggs, aside from predation
on juveniles (nauplii), of which we already have some knowledge [7,8]. That research will
also include obtaining information on the residence times of sinking copepod eggs in the
water column and their vertical position when being released.
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Abstract: Phytoplankton stoichiometry and cell size could result from both phenology and environ-
mental change. Zooplankton graze on primary producers, and this drives both the balance of the
ecosystem and the biogeochemical cycles. In this study, we performed incubations with copepods
and coccolithophores including different prey sizes and particulate carbon contents by considering
phytoplankton biovolume concentration instead of chlorophyll a level (Chl a) as is usually performed
in such studies. The egestion of fecal pellet and ingestion rates were estimated based on a gut fluores-
cence method. The latter was calibrated through the relationship between prey Chl a level and the
biovolume of the cell. Chl a/biovolume ratio in phytopkanton has to be considered in the copepod
gut fluorescent content method. Both coccolithophore biovolume and particulate inorganic/organic
carbon ratios affect the food foraging by copepods. Finally, we observed a non-linear relationship
between ingestion rates and fecal pellet egestion, due to the presence of calcite inside the copepod’s
gut. These results illustrate that both prey size and stoichiometry need to be considered in copepod
feeding dynamics, specifically regarding the process leading to the formation of fecal pellets.

Keywords: coccolithophore; elemental stoichiometry; copepods; gut content; ingestion rate; fecal
pellet egestion; functional response

1. Introduction

By absorbing about 50% of carbon dioxide (CO2) from the atmosphere, the Ocean
plays a major role in the global carbon cycle [1]. The biological carbon pump is sustained
by photosynthetic CO2 fixation by phytoplankton, and by the transfer of both organic and
inorganic carbon to the deep sea [2,3]. Zooplankton, as primary consumers, control the
carbon transfer through excretion/respiration [4,5] producing fecal pellets that foster the
export of particulate carbon flux, as observed through the analysis of sediment traps [4,6–8].

Mesozooplankton (>200 μm) prey assemblages are constituted of heterotrophic micro-
zooplankton (flagellates, cilliates) and autotrophs such as diatoms and coccolithophores [9–11].
Coccolithophores are a key food-source group widely dispersed throughout the world’s
oceans [12,13]. They produce calcified structures—coccoliths, which have formed a sub-
stantial proportion of pelagic sediments since the Late Triassic period (about 200 million
years ago). Fossil records show that coccolithophores were a major component of primary
producers over this period, and a significant food source for zooplanktonic grazers during
this period [14,15].

Both phytoplankton and zooplankton are the first to experience natural environmental
shifts such as phenological changes, or anthropogenic changes induced by global warming
or ocean acidification [16]. Recently, morphological changes (cell size and shape) and the
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relative abundance distribution in diatom assemblage were linked to the annual phenology
in the North Sea [17]. These findings could have consequences on copepod grazing [18–20].
Indeed, morphological defence of phytoplankton against grazing can be the formation
of chain, cell size/shape, and biomineralization [21]. Even though copepods are well
designed to break down biomineral structures and sometimes can graze on larger prey
than themselves [22,23], diatom frustules limit copepod grazing [24–26] as well as micro-
zooplankton grazing [27]. Moreover, it has been established that grazers could induce
diatom silicification [28,29], proving the defensive role of the these biomineral structures.
Similarly, coccolithophore build biomineral shells made of calcium carbonate (coccoliths)
whose formation is influenced by environmental conditions (see reference above). As for
diatom frustules, these coccoliths arranged around the cell forming the coccosphere pro-
vide mechanical protection [30], and could play a defensive role against microzooplankton
grazing [31,32]. Although suggested, but never demonstrated, this calcified coccosphere
could also be considered as an anti-grazing protection against copepods [33–35].

Copepods are characterised by distinct functional feeding traits (they are feeding-
current feeders or ambush feeders), and as such, are interesting organisms for studying the
trophodynamics towards phytoplankton [36]. Classically, ingestion rates increase with food
availability and follow Ivlev’s model curves [37]. This relationship is formalised by an opti-
mal foraging theory [38,39]. The modification of copepods feeding behaviour potentially
has consequences for the functioning of ecosystems, such as “trophic cascades” with conse-
quences on biogeochemical cycles [33,40–42]. In the context of global warming and ocean
acidification, a species-specific difference in coccolithophore response is expected [43] on
both cell size and calcification. In this study, the modification of calcite content and cell size
on copepod ingestion was explored. As a result of experimental incubations, the prediction
of an optimal foraging model (Ivlev’s model) was tested through direct observations of
copepods’ functional responses with different coccolithophore species, characterized by
different calcite contents and sizes. Moreover food type and availability affect fecal pellet
production rates, pellet volumes, and sinking rate, regarding compactness and mineral
ballasting [44,45] (Table 1). We hypothesise that both calcite content and prey volume affect
copepod functional responses and by this way, the fecal pellet egestion.
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2. Methods and Materials

2.1. Phytoplankton Cultures

For the laboratory experiment setup, three species of calcifying Haptophyceae were
used: Emiliania huxleyi (strain RCC 1256); Coccolithus braarudii (strain RCC 1200); and
Gephyrocapsa oceanica (strain RCC 1314). They were grown in polycarbonate flasks in
100–400 mL of K/2 + Si media at 15 ◦C and under a 12:12 h day:night photoperiod
(100–150 μE m−2 s−1). The culture media were prepared with 0.2 μm filtered seawa-
ter (FSW) from the English Channel (33–34 PSU) [46]. The culture media pH was adjusted
to 8.2 (total scale) by the addition of NaOH. The cells were maintained in an exponential
growth phase by renewing the media every week. In parallel, non-calcifying Haptophyceae
species were also cultured, Tisochrysis sp. (strain RCC 1350), grown inside a 2 L Erlen-
meyer flask with a K/2 + Si medium at 15 ◦C and under a 12:12 h day:night photoperiod
(100–150 μE m−2 s−1). These cultures were directly used after dilution with 1 μm of FSW
buffered at pH 8.2 for the copepod incubation experiments (Table 1).

2.1.1. Cell Count and Size Measures

Cell numeration and sizing were done using a Beckman Coulter Counter Multisizer 4E
apparatus fitted with a 70 μm aperture tube. Sampled cell suspensions were diluted with
an isotonic (ISOTON II) solution before being analysed. Cell sizes (cell diameter in μm)
were determined by the Gaussian distribution of dominant particles present inside the
culture samples (containing phytoplankton) (Table 1).

2.1.2. Cell Chlorophyll a (Chl a) Content

Amounts of 100 mL of pre-diluted phytoplankton culture were filtered onto pre-
combusted (4 h at 450 ◦C) glass fibre filters (Whatman GF/F) and conserved at −20 ◦C
prior to pigment extractions. The filters were then ground overnight in 6 mL of acetone
(90%) for chlorophyllian pigment extraction (Chl a and phaeopigments) in the dark at 4 ◦C.
Fluorescence of the extract was measured before and after acidification with 10% HCl using
a fluorometer (Turner design Trilogy). Results are expressed in pg Chl a eq cell−1 (Table 1).

2.1.3. Particulate Inorganic Carbone (PIC), Particulate Organic Carbon (POC), and
Particulate Organic Nitrogen (PON)

Before each incubation, 100 mL phytoplankton culture suspensions (with known cell
concentration) were filtered onto pre-combusted (4 h at 450 ◦C) glass fibre filters (Whatman
GF/F). All the filters were then rinsed with 10 mL of FSW. Due to the large number of
samples, the filters were not triplicated. The filters were placed inside aluminium foil, dried
at 55 ◦C for 24 h, and analysed for elemental C and N using a Thermo Fisher Flash 2000
elemental analyser [47]. Two batches of glass filters were filtered for each sample, one batch
with an acid treatment (providing the POC content) and the other without an acid treatment
(providing the PIC + POC content), namely the total particulate carbon content, (TPC). PIC
was obtained by subtracting POC from the TPC. The results are expressed in mass per cell
(pg cell−1), for inorganic carbon, organic carbon, and organic nitrogen (Table 1).

2.2. Copepod Sampling

For the laboratory experiments, two calanoid copepod species (Temora longicornis and
Acartia clausi) were selected due to their abundance in the Eastern English Channel (EEC).
Their presence generally matches phytoplankton spring blooms in the coastal areas of the
EEC [48]. Each species also exhibits different functional traits [49] regarding their feeding
strategies: A. clausi (1.1 mm total length) is an omnivorous feeding-current feeder with a
clear tendency to herbivory; and T. longicornis (1.2 mm total length) is described as both a
feeding-current feeder and cruise feeder [49,50].

The copepods were collected from February to May 2021 close to the French coast
of the EEC (50◦44′27.5 N: 1◦34′32.4 E) during cruises on-board the N/O Sepia II (INSU-
CNRS) with a WP2 plankton net (200 μm mesh size) fitted with a 2 L filtering cod-end
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during horizontal net tows (speed < 1 m s−1 for less than 10 min) at 1–3 m depth. After
each plankton haul, zooplankton samples were immediately diluted in 20 L of surface
seawater, then stored in the dark in a cool box and brought back within a few hours to
the laboratory. To initiate the rearing phase, a ratio of 1 male per 5 females for calanoid
copepods is required [51,52], and this was ensured by selecting about 250 adults of each
species under a dissecting microscope. The copepods were placed in polycarbonate beakers
of varying volume (from 3 to 7 L according to the number of individuals) containing 1 μm
FSW. The copepods were kept at 15 ◦C, at a salinity of 33–34 PSU and under a 12:12 h
day:night photoperiod. They were fed daily under replete food condition. The food
supplied consisted of a mixture of microalgae Rhodomonas salina (RCC 1507), Thalassiosira
weissflogii (RCC 1714), Tisochrysis sp. (RCC 1350), Tetraselmis suesica (RCC 1975), and
Emiliania hyxleyi (RCC 1256), grown inside a 2 L Erlenmeyer flask with K/2 + Si medium at
15 ◦C and under a 12:12 h day:night photoperiod (100–150 μE m−2 s−1). The media were
prepared with autoclaved 1 μm FSW from the EEC. The algal concentrations inside the
beakers were from 103 to 104 cell mL−1 [51–53] in order to avoid predation of calanoid
copepods on younger stages [54,55]. Seawater was renewed every two days and air was
supplied via small bubbles in each rearing beaker.

2.3. Experimental Setup

A total of eleven separate incubations of copepods (each conditions triplicated)
were conducted, spread over five assays that allowed the integration of variable preda-
tor/prey size ratios and concentration ratios. Phytoplankton cell diameter ranged from
4.5 to 17 μm (Table 1) and concentrations from 1.6 ± 0.2 × 103 cell mL−1 to 58 ± 2 ×
103 cell mL−1 (Table 2). The corresponding initial food concentrations ranged from
0.49 ± 0.06 to 10.1 ± 2.2 μg Chl a L−1 and the total cell volume ranged from 0.39 ± 0.03 to
5.55 ± 0.25 mm3 L−1 considering the cell concentrations and their respective cell biovolume,
assuming spherical cells (Table 2).

2.3.1. Copepod Selection

For each incubation, adults and copepodite 5 stage were selected corresponding to
a mean length of 1097 ± 108 μm (N = 296) and 1216 ± 135 (N = 369) for Acartia clausi
and Temora longicornis, respectively. In order to obtain a significant grazing signal index,
copepod abundance inside bottles was high relative to calanoid copepod abundances
commonly measured during phytoplankton blooms in the North Atlantic Ocean (typically
4 ind L−1 for calanoid copepods such as T. longicornis, A. clausi [56]). However, the chosen
experimental copepod abundance was comparable to abundances observed in the EEC (up
to 11 ind L−1, see Table 2) [57]. These high abundances remained also comparable to values
used in most experimental studies ranging from 8 to >15 ind L−1 [52,58–60].

2.3.2. Incubation

Twenty-four hours prior to the start of the experiments, 100 reared copepods were
isolated in 3 L beakers containing 1 μm FSW without food. This starving phase allowed gut
evacuation and maximized the feeding during the incubations. For all experiments, dead
and injured individuals were first removed and only healthy-looking and living ones were
individually pipetted into a 2350 mL polycarbonate bottle containing prey assemblages.
Then, to avoid air bubble introduction the bottles were filled without headspace with FSW
adjusted to pH 8.2, and then placed on a rolling table at 3 rpm to allow prey homogenization.
Incubation was carried out at 15 ◦C under a photoperiod regime (12:12 h) for 24 h.
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2.4. Ingestion/Egestion Estimation

After each incubation, the copepods were carefully retrieved from each bottle by
sieving the seawater through an immersed 200 μm mesh. The copepods were placed in
2 mL cryotubes (one per bottle) and then flash frozen in liquid nitrogen and kept at –20 ◦C
until further analysis. Copepod size measurements were performed (as much as possible
not withstanding obscurity) under a dissecting microscope (ZEISS Axio Zoom V16), before
pigment extraction for gut content quantification (see below). Fecal pellets were recovered
after each incubation by filtering the remaining seawater of each bottle onto a 40 μm mesh
sieve. Fecal pellets retained on the mesh sieve were resuspended in FSW in a plankton
counting chamber (Dolfuss cuvette, 6 mL volume).

2.4.1. Copepod Gut Pigment Content

For gut content analyses, copepods were individually sorted from freshly thawed
samples under a cool light stereomicroscope. Individuals were rinsed with 0.2 μm FSW to
eliminate phytoplankton cells with aggregates stuck to feeding appendages and were then
transferred into 4 mL acetone (90%). Individuals (N = 19 to 42 copepods per extraction)
were ground and chlorophyllian pigments (Chl a and phaeopigments) were extracted in
the dark at 4 ◦C overnight. Fluorescence of the extract was measured before and after
acidification with 10% HCl using a fluorometer (Turner design Trilogy). Copepod gut
content was obtained by both Chl a and phaeopigment concentrations and values were not
corrected for pigment degradation on the recommendation of Durbin and Campbell [61].
Ingestion rates (I, ng Chl a eq ind−1 d−1) were derived from gut total pigment content (Gcop,
ng Chl a eq ind−1) using Equation (1):

I = 60 × Gcop × k (1)

where k is the gut evacuation rate (h−1), calculated following the model of Dam and
Peterson [62], which accounts for the temperature of incubation, and the specie-dependant
allometric constant. In the present study, we carried out our calculations with k = 0.028,
which corresponds to the allometric constant of evacuation of calanoids at 15 ◦C (k = 0.0117
+ 0.001794 × T).

2.4.2. Copepod Gut Volume Conversion

Phytoplankton species used during the grazing experimental setup did not have the
same biovolume and Chl a content (see Table 1). In order to compare every gut content for
each experiment, we converted the equivalent pigment gut content (ng Chl a eq ind−1) into
volume equivalent gut content (μm3

eq ind−1). A calibration of Chl a level (pg Chl a cell−1)
over cell biovolume (μm3) for each phytoplankton species was used. Gut ingestion was
then expressed as its prey biovolume equivalent (106 μm3

eq ind−1 d−1).

2.4.3. Ivlev’s Model

The copepod ingestion functional response toward food availability was calculated
by following Ivlev’s model [38,39]—Equation (2). This model considers the optimal food
foraged by copepods (and more widely by all planktonic active filter feeders), recently
described as a Type II functional response [63,64].

IIvlev = Imax ×
(

1 − e(−α×Cf ood)
)

(2)

where Imax is the maximum ingestion rate index obtained; α the rate at which saturation is
achieved with increasing food levels (slope of the linear regression); IIvlev is the modelized
ingestion rate; and Cfood is the corresponding food concentration (μg POC L−1, μg Chl a
L−1 or mm3 L−1).
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2.4.4. Fecal Pellet Production and Size

Fecal pellet production (FP ind−1 d−1) was estimated after each experiment by count-
ing the fecal pellets recovered after incubation. For each incubation, between 10 and
186 pellets were measured (length and width in μm) with 5 μm accuracy. Fecal pellets are
considered as cylindrical with two half spheres, and volumes were calculated according to
Equation (3) [65]:

VPF = π × d2 ×
(

L
4
+

d
6

)
(3)

where d is the pellet diameter (μm), and L is the length of cylindric part of the pellet.
Volumes were then converted into equivalent spherical diameter (ESD, mm), according to
Equation (4):

ESD =
3

√
6 × V

π
(4)

2.5. Statistical Analyses

Results are expressed in mean ± standard deviation (SD). When data distribution
matched the parametric assumption of normality (tested with a Shapiro–Wilk test, p < 0.05),
correlation between two variables was analysed using a Pearson correlation test. Otherwise,
a Spearman rank correlation test was performed. The statistical effect of the different
experimental conditions was tested with a one-way ANOVA, followed by a pairwise
Tukey’s post hoc comparison test. In case of non-normal distribution, multicomparaisons
were performed using the Kruslal–Wallis test following Nemeyi post hoc test. All the
statistical analysis was performed using R software (V 4.1.1).

3. Results

3.1. Coccolithophore Stochiometry

Cellular particulate organic carbon (pg POC cell−1), nitrogen (pg PON cell−1), and
inorganic carbon (pg PIC cell−1) increase with coccolithophore diameter (Table 1). Cellular
content and stoichiometric ratios for each experiment and coccolithophore species are also
presented in Table 1. The cells are considered as spheres, whose biovolumes varied from 38
to 83 μm3 for E. huxleyi (RCC 1256), from 133 to 143 μm3 for G. oceanica (RCC 1314), and
from 2296 to 2487 μm3 for C. braarudii (RCC 1200).

3.2. Copepod Ingestion

For experiment 1, a mixture of coccolithophores (G. oceanica, RCC 1314) and non-
coccolithophores (Tisochrysis sp. RCC 1350) was incubated with the copepods (T. longicornis).
These two haptophyte species have similar sizes (6.7 μm and 6.1 μm of diameter for
G. oceanica and Tisochrysis sp., respectively). They were mixed to obtain three batches:
100% G. oceanica, 50% G. oceanica + 50% Tisochrsis sp., and 100% Tisochrysis sp. with
approximately 3000 cell mL−1 in total (see Table 2). The cell density (cell mL−1) and
total cell volume (mm3 L−1) were non-significantly different between the three different
conditions (Figure 1A) with an average of 3255 ± 292 cell mL−1 and 0.44 ± 0.04 mm3

L−1, respectively. Concerning the Chl a concentration, G. oceanica incubation contained
0.49 ± 0.06 μg Chl a L−1, mix of G. oceanica and Tisochrysis sp. contained 1.40 ± 0.01 μg
Chl a L−1, and Tisochrysis sp. contained 2.04 ± 0.17 μg Chl a L−1 (Figure 1C). Particulate
matter composition (μg POC, PIC, and PON L−1) was achieved within the three different
conditions (Figure 1D) and is presented in Table 2.

The resulting ingestion rates varied from 0 (under detection limit) to 13.1 ± 1.4 ng Chl
a eq ind−1 d−1 with the higher values encountered in the 100% Tisochryisis sp. condition.
Volume equivalent ingestion rates (Table 1, Figure 2B) varied from 0 (under the detection
limit) to higher values for incubation with Tisochrysis sp (2.5 ± 0.3 × 106 μm3

eq ind−1

d−1). The egestion rates were not significantly different between conditions, with averaged
values of 26 ± 7 fecal pellets in d−1, and mean pellet volumes ranging significantly from
0.3 ± 0 with G. oceanica, to 1.6 ± 0.6 mm3 with Tisochrysis sp. (Figure 2D).
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Figure 1. Experiment 1 incubations with Temora longicornis. (A) Initial cell density for each condition.
(B) Initial cell volume for each condition for each condition. (C) Initial Chl a concentration for each
condition. (D) Initial particulate matter quality for each condition. Groups a, b, and c correspond to
statistical groups, according to one-way ANOVA with significant threshold α = 5% (p-value < 0.05).

 

Figure 2. Details of Experiment 1 incubations with Temora longicornis. (A) Ingestion rate for each
condition. (B) Volume equivalent ingestion rate for each condition. (C) Egestion rate for each
condition. (D) Fecal pellet equivalent spherical diameter (ESD). Group a, b, and c correspond to
statistical group, according to one-way ANOVA with significant threshold α = 5% (p-value < 0.05).
ns = non-significant.

After the incubations, the recovered fecal pellets had both significantly different sizes
(Figures 2D and 3) and different opacity: when copepods were fed with 100% G. oceanica,
fecal pellets were opaque and thick whereas they were light green with Tisochrysis sp. Fecal
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pellets had an intermediate aspect where the copepods were fed with a mix of both species
(Figure 3).

 

Figure 3. Picture of the recovered Temora longicornis fecal pellets of Experiment 1, after different
conditions: (A) grazing experiment with 100% G. oceanica; (B) Grazing experiment with a mixture
of 50% G. oceanica + 50% Tisochrysis sp.; and (C) Grazing experiment with Tisochrysis sp. The scale
bar is congruent with figure (A–C). The vertical black dashed line corresponds to the mean fecal
pellet diameters (μm) recovered after grazing experiment with 100% G. oceanica (A); the vertical grey
dashed line corresponds to the mean fecal pellet diameters (μm) recovered after grazing experiment
with a mixture of 50% G. oceanica + 50% Tisochrysis sp (B); the vertical white dashed line corresponds
to the mean fecal pellet diameters (μm) recovered after grazing experiment with Tisochrysis sp (C).

The following figures (Figures 4–8) and results consider all the experiments.
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Figure 4. Copepod functional responses over initial Chl a concentration (μg Chl a L−1) are shown
on the left, and over initial total cell volume (mm3 L−1) are shown on the right. (A,B) depict the
pigment ingestion rate (ng Chl a eq ind−1 d−1); (C,D) depict the volume equivalent ingestion rate
(106 μm3

eq ind−1 d−1); and E and F depict the fecal pellet egestion rate (FP ind−1 d−1). Black
circular dots correspond to incubation with Temora longicornis. White circular dots correspond to
incubation with Acartia clausi. Grey square dots correspond to incubation with Temora longicornis and
Tisochrysis sp. cell (monospecific and mixed with G. oceanica). Solid lines represent exponential fit of
pigment/volume equivalent ingestion rate over Chl a concentration and total cell volume (A–D). In
(E,F), solid lines correspond to quadratic fit of fecal pellet egestion over Chl a concentration and total
cell volume. All equations and statistics are displayed in Table 3. In all graphs, p-values < 0.001 are
displayed by solid lines, however, p-values < 0.05 are displayed by dashed lines (see statistical test in
the Methods Section).

The functional responses to prey concentration varied significantly between those
copepod species with an average lower ingestion and fecal pellet egestion by A. clausi
compared to those with T. longicornis (Figure 4). Including all experiments, the Chl a
concentration ranged from 0.49 ± 0.06 to 7.6 ± 0.2 μg Chl a L−1 (Figure 4A,C,E). The total
cell volume ranged from 0.39 ± 0.03 to 5.5 ± 0.3 mm3 L−1 (Figure 4B,D,F). In parallel,
the ingestion rate values increased from 0 to 9.9 ng Chl a eq ind−1 d−1 for Acartia clausi
and from 0 to 23.1 ng Chl a eq ind−1 d−1 for Temora longicornis (Figure 4A,B). The volume
equivalent ingestion rate values ranged from 0.46 to 7.3 × 106 μm3

eq ind−1 d−1 for Acartia
clausi and from 0.9 to 17 × 106 μm3

eq ind−1 d−1 for Temora longicornis (Figure 4C,D). The
fecal pellet egestion rate ranged from 4 to 41 FP ind−1 d−1 for Acartia clausi and from 19 to
76 FP ind−1 d−1 for Temora longicornis (Figure 4E,F). All fits and statistical parameters are
displayed in Table 3.
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Figure 5. Copepod functional responses over total cell volume (mm3 L−1), for Acartia clausi (A)
and Temora longicornis (B). Solid lines represent exponential fit of volume equivalent ingestion rate
(106 μm3

eq ind−1 d−1) over total cell volume (mm3 L−1). Dashed lines correspond to Ivlev’s
model considering the max ingestion rate and the increasing ingestion rate over the food level slope
(Equation (2)).

 

Figure 6. Cumulative barplot of particulate organic nitrogen (PON), particulate organic carbon (POC),
and particulate inorganic carbon (PIC) in μg L−1 for each experimental incubation (bottom axis).
Depicted on the top x-axis: the scatterplot of the ingestion rate (106 μm3

eq in−1 d−1) with Acartia
clausi (white dots) and Temora longicornis (black dots).
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Figure 7. (A,B) Ingestion rate (106 μm3
eq ind−1 d−1); (C,D) egestion rate (FP ind−1 d−1) and (E,F)

fecal pellet ESD (μm) over POC concentration (mg POC L−1) for Temora longicornis (A,C,E) and Acartia
clausi (B,D,F). The grey-boxed dots correspond to Experiment 4 with C. braarudii. The solid lines in
(A,B) represent the linear regression between POC concentration and the ingestion rate, excluding
the grey circular dot (Experiment 4 with C. braarudii). For T. longicornis, Pearson R2 = 0.86, N = 12,
p-value = 0.001, for A. clausi, Pearson R2 = 0.88, N = 12, p-value = 0.002 Dashed lines correspond
to Ivlev’s model considering the max ingestion rate and the increasing ingestion rate over the food
level slope (Equation (2)). Letters a, b, c, and d (in (E,F)) correspond to the different statistical groups
displayed by the Kruskall–Wallis test.
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Figure 8. (A) Volume equivalent ingestion rate (106 μm3
eq ind−1 d−1) over PIC/POC ratios (mol:mol)

for incubation with T. longicornis (Black dots); (B) volume equivalent ingestion rate (106 μm3
eq ind−1

d−1) over PIC/POC ratios (mol:mol) for incubation with A. clausi (white dots). Grey dots correspond
to incubation with C. braarudii. For incubations with T. longicornis, Kendall τ = −0.59, N = 18, p-
value = 0.002, excluding the grey dot (Exp. 4 with C. braarudii). For the incubation with A. clausi,
Kendall τ = −0.95, N = 9, p-value < 0.001, excluding the grey dot (Exp. 4 with C. braarudii).

The food availability varied between 0.39 ± 0.03 and 5.5 ± 0.3 mm3 L−1, and the
ingestion rate varied from 0.46 to 7.3 × 106 μm3 ind−1 d−1 for A. clausi and from 0.9 to
17.0 × 106 μm3 ind−1 d−1 for T. longicornis (Figures 4 and 5). Exponential fits (solid lines) for
both copepods (see Table 3) correspond to Type III functional response [63]. The logarithmic
fits (dashed lines) were expected (Figure 5), following optimal food foraging (Ivlev’s model
or Type II functional response).

Particulate inorganic carbon (PIC) ranged from 0 (Tisochrysis sp. under detection limit)
to 433 μg L−1 (Figure 6). Particulate organic carbon (POC) ranged from 37 to 1157 μg L−1

(Figure 6). Particulate organic nitrogen (PON) ranged from 4 to 97 μg L−1 (Figure 6).
During Experiment 3 (C. braarudii) the PIC concentration represented 55% of the total
particulate pool (with 433 μg PIC L−1 over 300 μg POC L−1 and 55 μg PON L−1). Except
for Experiment 5, the copepod ingestion rate increased with increasing ambient particulate
content (Figure 6).

When considering all the experiments—except the one with C. braarudii (grey dots
in Figures 7 and 8)—POC concentration and equivalent volume ingestion rates are pos-
itively correlated for both copepod species (T. longicornis: y = 0.006x + 0.81; R2 = 0.71;
p-value < 0.001 Pearson correlation test, and with A. clausi: y = 0.002x + 0.17; R2 = 0.77; p-
value = 0.002 Pearson correlation test). Logarithmic fits were expected following theoretical
optimal food foraging (Figures 4, 5 and 7), dashed lines: Ivlev’s model or Type II functional
response. Nevertheless we observed linear regression between POC concentration and
equivalent volume ingestion rates which are described in the literature as Type I functional
response [63]. Fecal pellet egestion ranged from 4 to 41 FP ind−1 d−1 for Acartia clausi
and from 19 to 76 FP ind−1 d−1 for Temora longicornis (Figure 7 C,D). Despite a positive
correlation between POC concentration and equivalent volume ingestion rates for both
copepods, fecal pellet egestion was not correlated to POC concentration (Figure 7C,D).
Moreover, within incubations with T. Longicornis and E. Huxleyi with high cell density (Exp.
5), despite high volume equivalent ingestion rate (8.3 ± 3.9 × 106 μm3

eq ind−1 d−1), fecal
pellet egestion remained low (32 ± 3 FP ind−1 d−1). After incubation with T. longicornis,
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the mean fecal pellet ESD ranged from 90 ± 17 to 124 ± 25 mm, whereas, after incubation
with A. clausi, the mean fecal pellet ESD ranged from 71 ± 11 to 97 ± 20 mm.

Variations of cell calcite content were expressed as PIC/POC ratios (mol:mol) for each
experiment (see Tables 1 and 2). Volume equivalent ingestion rate (106 μm3

eq ind−1 d−1)
over PIC/POC ratios (mol:mol) decreased non-linearly for both T. longicronis and A. clausi
(Figure 8), when excluding experiments performed with C. braarudii.

4. Discussion

Copepod and more widely zooplankton food foraging is the main prey/predator quan-
tifiable interaction. Within marine planktonic ecosystems, these trophic relationships have
direct consequences on population dynamics for both preys and predators [66,67]. Indeed,
copepod behavioural adaptations affect both ecological dynamics and biogeochemical cy-
cles, such as primary production and sinking particles fluxes [4,68,69]. Numerical models
have shown that copepods could also affect the phytoplankton prey population diversity
via a top-down control [70], and also the seasonal succession of plankton communities [19].

4.1. Equivalent Volume Ingestion Estimation

Pigment ingestion rates based on copepod gut fluorescent content [62,71] represent
a fast and easy workable way to estimate grazing. Regarding incubation times, which
were equivalent in all incubations, pigment destruction inside the gut increased with
gut ingestion [72], suggesting that loss of fluorescence is equivalent among the different
samples from the different incubations. However, ingested preys could present significant
variation in fluorescence, especially in situ; due to ingestion of non-chlorophyllian prostists
(ciliates, heterotropic flagellates, nauplii) and algae (diatoms, haptophyceae) in varying
proportions. In order to compare the ingestion rates derived from all the experiments
(regardless of phytoplankton cell Chl a content and their biovolume), we used a conversion
of gut content considering Chl a and biovolume (see Methods Section). This allowed us
to get a better correlation between ingestion and total cell volume (r2= 0.85 *** for both A.
clausi and T. longicornis, Table 3) than the pigment ingestion rate in accordance to Chl a
concentration (r = 0.64 *** and 0.81 *** for T. longicornis and A. clausi, respectively; Table 3,
Figure 5). Regarding these findings, we assume that the probability of prey/predator
contact is more dependent on total cell volume than the number of particles (cell L−1), or
biomass (g Chl a L−1 or g POC L−1). Thus, it can be assumed that the total cell volume per
litre (mm3 L−1) represents a better index of the prey-encounter rate. This suggests that, at
equivalent total cell concentrations, the same ingestion rate pattern, expressed in volume
equivalent Chl a (μm3

eq ind−1 d−1), could be expected with large cells at low concentration
as well as with small cells at high concentration. However, gut analysis neither takes into
account pigment degradation inside the copepod’s gut [61,72] before ingestion nor sloppy
feeding (cell fragmentation without ingestion, see pictures in Jansen, 2008). Considering
the very short gut passage time (less than an hour) and the relative evidence of viable cell
preservation inside fecal pellets [73,74], the pigment degradation could be neglected (the
same condition of sample preservation and treatment).

4.2. Adaptive Functional Response

Classically, the ingestion rate index based on gut content over food availability, which
provides Ivlev’s model curve [37], represents the optimal foraging behaviour, even re-
garding incubation time and pigment destruction inside the gut [72]. In this study, both
prey/predator size ratios and prey stoichiometry modulate the ingestion rate index. A Type
III functional response was obtained with both A. clausi and T. longicornis when considering
food availability by total cell volumes and Chl a concentration (Figures 5 and 6). Indeed, in-
gestion rates increased exponentially according to food availability [63,64]. This functional
relationship reflects a switching adaptation considering the food quality. The maximum
food level reached 5 mm3 L−1, and is comparable to the maximum food availability in
the literature (4 mm3 L−1) in Kiørboe et al. [64], when the copepod’s ingestion saturation
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occurs (e.g., Acartia tonsa, Temora longicornis, Centropages hamatus, and Oithona davisae). At
high food concentration (7.6 ± 0.2 μg Chl a L−1), we assume a saturation of the feeding
activity. Indeed, with more than 7 μg Chl a L−1, the bottles showed green coloration. In
our study, we exceeded 5 mm3 L−1 at 15 ◦C. Thus, performing additional experiments at
higher food concentrations would have had no benefit. POC, PIC, and PON quota per cell
compare well to those presented in the literature, with a magnitude from 1 to 102 pgC cell−1

and 10−1 to 10 pgN cell−1 [75,76]. For both T. longicornis and A. clausi, the ingestion rates
increased linearly with POC concentrations (Figure 7A,B), when excluding experiments
with C. braarudii, 17 μm diameter. This suggests a Type I functional response [63] correspond-
ing to a linear increase of ingestion according to food availability. This is the most common
behaviour attributed to planktonic active filter feeders (such as copepods). However,
calanoid copepods (such as Acartia spp., Temora spp., Centropages spp., and Calanus spp.)
commonly present Type I and II functional responses, mainly corresponding to the Ivlev
model [77–80]. Ivlev’s model is shaped like Type II functional response, which corresponds to
the optimal feeding behaviour towards high-quality food availability. In this study, any
relationship (either considering Chl a concentration, total volume, or POC concentration)
fits with Ivlev’s model (or Type II functional response) suggesting an anti-grazing propriety
of the coccolithophores as a food source alone. Within the six incubations with C. braarudii,
regarding food availability as equivalent carbon, Chl a or total volume, we obtained higher
ingestion rates than for smaller coccolithophore, which can be explained by an intense gut
accumulation of algae material because of the large cell size. Calcite cell content through
PIC/POC ratio (mol:mol) for coccolithophore cells of similar sizes (Figure 8) could partially
explain a non-optimal ingestion pattern observed in our experiments. These results suggest
that the coccosphere (i.e., calcified exosqueletton around the cell) could be a structure
protecting the coccolithophore from grazing by copepods, such as diatom frustules, as
previously proposed [33,34].

4.3. Calcite Obstruction and Potential Dissolution Inside Copepod Guts

While the copepods ingested large coccolithophore (C. braarudii), we measured high
ingestion rates despite low carbon concentration and low fecal pellet egestion. This observa-
tion indicates a decoupling between ingestion rate and gut passage time [80], probably due
to high calcite ingestion and a decrease in gut pH resulting from calcite dissolution. This
phenomenon may explain an importance paradox in ocean zooplankton mediated calcite
dynamics. Indeed, considering a global oceanic alkalinity budget, there is a loss of calcite
between the production by calcifier organisms in the euphotic zone and the estimated
calcite flux below the lysocline [81]. This calcite loss could be attributed to biological activi-
ties and more specifically the dissolution mediated by zooplankton grazing or transport.
Several studies have even shown a loss of calcite after zooplankton gut passage, a striking
feature of the sedimentary record that relies on the observation of well-preserved coccoliths
within zooplankton fecal pellets [79,82–85]. However, numerical models using a timeframe
and pH inside copepod guts suggest a moderate calcite dissolution inside the gut [86].
Langer et al. [87] showed that calcite dissolution during copepod gut passage was below
8% of the weight of the coccoliths of Calcidiscus leptoporus inside fecal pellets, but these
coccoliths were intact and showed no evidence of any dissolution [87]. In addition, Antia
et al. [88] successfully observed that coccolith dissolution/fragmentation occurs inside
zooplankton guts and microzooplankton vacuoles. During the first experiment, we ob-
served a decoupling between ingestion rates (both pigment ingestion rates and equivalent
volume ingestion rates) and fecal pellet egestion (Figure 3). Taking all the experiments
collectively, this fact was also noticed in Experiment 5, with a high cell concentration of E.
huxleyi. In addition, despite high measured ingestion rates, few fecal pellets were produced
(Figures 5, 7 and 8). This decoupling between ingestion and egestion could be the result
of a modulation of the residence time in the gut. Hence, fecal pellet size seems to depend
on the ingestion rate index and prey quality (Figures 1, 6 and 8). Indeed, the fecal pellet
size variation could depend on gut passage time as well [89]. By considering all these
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points, both coccolithophore biovolume and relative calcite content may modulate coccolith
dissolution due to gut passage variations.

4.4. Consequences for Vertical Particle Flux in the Pelagic Realm

In this study, we observed a loss of fecal pellet production with high prey concentra-
tions, despite high ingestion rates. The number of egested particles (fecal pellets) seems
to be dependant, not only on the food quantity, but also on the quality of the ingested
food. The size of egested particles could be increased by both the number of ingested
particles and their quality (inclusion of calcite, silica frustules, etc.). Prey/predator size
ratio and relative carbon content [90] suggest that these environmental food conditions
may provide predictable constraints to copepod biogeography size distribution in the
ocean [91]. This therefore suggest that size and primary producer stoichiometry could
influence oceanic carbon flux patterns through fecal pellet egestion by copepods. This
may result in a decrease of carbon passive flux due to fecal pellets sinking in the water
column. In addition, if we consider that fecal pellets follow Stoke’s law of sedimentation (as
suggested by Komar et al. [92]), the ballast effect of calcified coccoliths inside fecal pellets
should foster the sedimentation rate much more than changes in the size of the pellets [93].
Hence, modification of fecal pellet egestion patterns in addition to ballast effect of calcite
could be an important process driving the particle flux in the water column.

5. Conclusions

In this study, we demonstrated that copepod ingestion rates based on the volume
equivalent of cells is better scaled to total prey volume concentration (mm3 L−1). The Chl
a/biovolume calibration developed in this study highlights the importance of considering
the Chl a level inside the gut fluorescent content, regarding food types ingested by wild
copepods, such as non-chlorophyllian preys (e.g., microzooplankton, heterotrophic flagelles,
nauplii, etc.). Our results highlight an exponential increase of ingestion rates according
to food availability (Type III functional response), which is in contrast to the optimal Ivlev
model (Type II functional response) corresponding to optimal food foraging. This parametric
pattern supports the role of food quality in the feeding behaviour of copepods, such as
coccolithophore defence structures (calcified coccospheres). We demonstrated this aspect
by showing the relationship between calcite content (PIC/POC ratio) and the ingestion rate
index. Finally, we observed a decoupling between ingestion rates and fecal pellet egestion,
which may be the consequence of an “obstruction” effect of calcite inside the copepod’s
gut. This “obstruction” may be the result of varying gut passage times—modulating
the intensity of calcite dissolution. These results suggest that both prey allometry and
stoichiometry need to be considered with copepod feeding dynamics, specifically regarding
fecal pellet production, and the sedimentary flux, which is an important component of the
biological carbon pump.

Author Contributions: Contributed to conception and design: J.T. and A.D. Contributed to acquisi-
tion of data: J.T., A.D., A.P. and G.D. Contributed to the copepod rearing maintenance: J.T., A.D. and
A.P. Contributed to analysis and interpretation of data: J.T., A.D. and M.H. Drafted and/or revised
the article: J.T., A.D. and M.H. Approved the submitted version for publication: J.T., A.D., A.P., G.D.,
V.C., L.B. and M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the ANR CARCLIM (https://anr.fr/Projet-ANR-17-CE01-00
04). Jordan Toullec’s postdoctorate was equally funded by ANR CARCLIM and by Université Littoral
Côte d’Opale. This work was also supported by the CPER MARCO and the SFR Campus de la Mer.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are displayed within the manuscript or may be obtained
directly from the authors.

54



J. Mar. Sci. Eng. 2022, 10, 1807

Acknowledgments: We would like to thank the Sepia II crew for their help at sea, during zooplankton
collection, and more specifically for the multiple WPII plankton hauls during Phaeocystis globosa
sticky bloom event. We are also grateful to Michel Laréal for his help and modifications made to the
rolling table.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sanders, R.; Henson, S.A.; Koski, M.; De La Rocha, C.L.; Painter, S.C.; Poulton, A.J.; Riley, J.; Salihoglu, B.; Visser, A.; Yool, A.; et al.
The Biological Carbon Pump in the North Atlantic. Prog. Oceanogr. 2014, 129, 200–218. [CrossRef]

2. Henson, S.; Le Moigne, F.; Giering, S. Drivers of Carbon Export Efficiency in the Global Ocean. Glob. Biogeochem. Cycles 2019, 33,
891–903. [CrossRef] [PubMed]

3. Le Moigne, F.A. Pathways of organic carbon downward transport by the oceanic biological carbon pump. Front. Mar. Sci. 2019, 6,
634. [CrossRef]

4. Turner, J.T. Zooplankton fecal pellets, marine snow, phytodetritus and the ocean’s biological pump. Prog. Oceanogr. 2015, 130,
205–248. [CrossRef]

5. Steinberg, D.K.; Landry, M.R. Zooplankton and the Ocean Carbon Cycle. Annu. Rev. Mar. Sci. 2017, 9, 413–444. [CrossRef]
6. Laurenceau-Cornec, E.; Trull, T.W.; Davies, D.M.; Bray, S.G.; Doran, J.; Planchon, F.; Carlotti, F.; Jouandet, M.-P.; Cavagna, A.-J.;

Waite, A.M.; et al. The relative importance of phytoplankton aggregates and zooplankton fecal pellets to carbon export: Insights
from free-drifting sediment trap deployments in naturally iron-fertilised waters near the Kerguelen Plateau. Biogeosciences 2015,
12, 1007–1027. [CrossRef]

7. Belcher, A.; Iversen, M.; Manno, C.; Henson, S.A.; Tarling, G.A.; Sanders, R. The role of particle associated microbes in
remineralization of fecal pellets in the upper mesopelagic of the Scotia Sea, Antarctica. Limnol. Oceanogr. 2016, 61, 1049–1064.
[CrossRef]

8. Estapa, M.; Valdes, J.; Tradd, K.; Sugar, J.; Omand, M.; Buesseler, K. The neutrally buoyant sediment trap: Two decades of
progress. J. Atmos. Ocean. Technol. 2020, 37, 957–973. [CrossRef]

9. Calbet, A. Mesozooplankton grazing effect on primary production: A global comparative analysis in marine ecosystems. Limnol.
Oceanogr. 2001, 46, 1824–1830. [CrossRef]

10. Irigoien, X.; Harris, R.P.; Verheye, H.M.; Joly, P.; Runge, J.; Starr, M.; Pond, D.; Campbell, R.; Shreeve, R.; Ward, P.; et al. Copepod
hatching success in marine ecosystems with high diatom concentrations. Nature 2002, 419, 387–389. [CrossRef]

11. Irigoien, X.; Flynn, K.J.; Harris, R.P. Phytoplankton blooms: A ‘loophole’ in microzooplankton grazing impact? J. Plankton Res.
2005, 27, 313–321. [CrossRef]

12. Brown, C.W.; Yoder, J.A. Coccolithophorid blooms in the global ocean. J. Geophys. Res. Oceans 1994, 99, 7467–7482. [CrossRef]
13. Eikrem, W.; Medlin, L.K.; Henderiks, J.; Rokitta, S.; Rost, B.; Probert, I.; Throndsen, J.; Edvardsen, B. Haptophyta. In Handbook of

the Protists; Archibald, J.M., Simpson, A.G.B., Slamovits, C.H., Margulis, L., Melkonian, M., Chapman, D.J., Corliss, J.O., Eds.;
Springer International Publishing: Cham, Switzerland, 2016; pp. 1–61. ISBN 978-3-319-32669-6.

14. Rost, B.; Riebesell, U. Coccolithophores and the biological pump: Responses to environmental changes. In Coccolithophores;
Springer: Berlin/Heidelberg, Germany, 2004; pp. 99–125.

15. Henderiks, J.; Bartol, M.; Pige, N.; Karatsolis, B.-T.; Lougheed, B.C. Shifts in phytoplankton composition and stepwise climate
change during the middle Miocene. Paleoceanogr. Paleoclimatol. 2020, 35, e2020PA003915. [CrossRef]

16. Hays, G.C.; Richardson, A.J.; Robinson, C. Climate change and marine plankton. Trends Ecol. Evol. 2005, 20, 337–344. [CrossRef]
17. Kléparski, L.; Beaugrand, G.; Edwards, M.; Schmitt, F.G.; Kirby, R.R.; Breton, E.; Gevaert, F.; Maniez, E. Morphological traits,

niche-environment interaction and temporal changes in diatoms. Prog. Oceanogr. 2022, 201, 102747. [CrossRef]
18. Kiørboe, T.; Visser, A.W. Predator and prey perception in copepods due to hydromechanical signals. Mar. Ecol. Prog. Ser. 1999,

179, 81–95. [CrossRef]
19. Visser, A.W.; Fiksen, Ø. Optimal foraging in marine ecosystem models: Selectivity, profitability and switching. Mar. Ecol. Prog.

Ser. 2013, 473, 91–101. [CrossRef]
20. Djeghri, N.; Atkinson, A.; Fileman, E.S.; Harmer, R.A.; Widdicombe, C.E.; McEvoy, A.J.; Cornwell, L.; Mayor, D.J. High prey-

predator size ratios and unselective feeding in copepods: A seasonal comparison of five species with contrasting feeding modes.
Prog. Oceanogr. 2018, 165, 63–74. [CrossRef]
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Abstract: Paracalanid copepods, common in tropical zooplankton communities, are known hosts for
a variety of parasites. Nevertheless, relatively little is known about the prevalence and consequences
of parasitism in these copepods. In this study, we analyzed the relationship between two paracalanid
copepods, Parvocalanus crassirostris and Paracalanus spp., with a common parasite, the alveolate protist
Ellobiopsis chattoni, in a subtropical environment on the south-east Brazilian coast. We assessed the
frequency and abundance of parasites in juveniles and adult male and female copepods. We observed
that 22 out of 4014 Paracalanus spp. (0.55%) and 98 out of 3920 P. crassirostris were infected (2.5%).
E. chattoni were rarely found in other taxa (about 0.05% for Oithona spp. and Acartia lilljeborgii). The
parasites were most frequently attached to cephalosome appendages (73.6%), with up to four cells
per copepod. The parasites were more prevalent in adults than juveniles, and adult females were
more frequently infected than males. E. chattoni had a likely negative impact on copepod growth
because the infected females were smaller than the non-infected females (p < 0.001). Females are
usually bigger and live longer than males, which could account for their high frequency of infection.

Keywords: parasitism; marine zooplankton; Parvocalanus crassirostris; Paracalanus; Ellobiopsidae;
South Atlantic

1. Introduction

Copepods are the dominant metazoans in the marine pelagic environment, playing
fundamental roles in biogeochemical cycles and energy transfer to higher trophic levels.
Ecological investigations in recent decades have shifted the focus on copepods from simply
being major phytoplankton consumers [1] to important components of microbial food
webs [2] and as hosts for gut-specific bacteria [3] and eukaryotic parasites [4]. A wide
range of symbiotic relationships between marine pelagic copepods and other organisms
such as Vibrio cholerae [5], parasitic dinoflagellates [6], and epicarid isopods [7] has been
documented, several of which may cause severe injuries to copepod hosts, as reported for
certain parasitic protists [4,8]. However, very little is known about the ecological aspects
and consequences of parasitic protists such as ellobiopsids on copepods [9–11].

It has been suggested that juvenile copepods encounter Ellobiopsis spores during
feeding activity, when the infection process takes place [10,12–14]. Copepod life cycles can
be influenced by parasitic protists, which may induce castration, the mutation of sexual
characteristics, or even sex changes during the later copepodid stages [15,16]. The parasites
may also influence the metabolic and reproductive rates of the copepod hosts [17], as
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observed in Undinula vulgaris [10] and Calanus helgolandicus [11]. However, the effect of
Ellobiopsis on copepod host biology and reproduction is poorly investigated [10,11], despite
the many reports on the occurrence of Ellobiopsis spp. attached to copepods (e.g., [18]).

Ellobiopsis has a multinucleate, alveolate parasite body divided into two sections, a
trophomere and a gonomere. The trophomere is the cell vegetative phase, bearing a root-
like structure that penetrates the tissue of the host, and the gonomere is distally located
and responsible for the sporulation process; both grow outside the host body [19]. A single
Ellobiopsis may reach a biovolume as large as 1/15 of its host [10]. Ellobiopsis probably has a
low infection specificity as more than 25 pelagic copepod species, and a few decapod zoea
such as Portunus, have been documented as hosts [12,17,19,20].

Ellobiopsis hosts are virtually unknown in the South Atlantic, except for a single
publication [9]; most records come from the North Atlantic, the North Sea, and the Mediter-
ranean [11,21–25]. Here, we aimed to describe the copepod hosts for E. chattoni Caullery
1910, the abundance and frequency of infestation of this parasite in a subtropical coastal re-
gion in the South-West Atlantic, and the potential effects of the parasite on the host species.

2. Materials and Methods

Zooplankton was sampled off Ubatuba, São Paulo state, on the south-east Brazilian
coast, at two coastal stations located at 23◦30′59′′ S; 45◦06′10′′ W (station A) and 23◦31′27′′ S
and 45◦04′54′′ W (station B), using a small motorboat. Sampling took place mostly in the
morning on alternate days during the austral summer and winter of 2009 and 2010 as well
as the summer of 2011 for a total of 23 sampling periods (Table S1). Station B (10 m depth)
was sampled on two occasions (26 January 2009 and 18 July 2009) when high waves, winds,
and associated risks prevented sampling at the regular station, A (~30 m depth). The
stations were ~2 km apart and under the influence of the same water mass. Plankton was
sampled for 2 to 3 min by subsurface horizontal tows with a 100 μm mesh-size plankton
net equipped with a calibrated flowmeter to estimate the filtered volume. All samples were
preserved in a 4% formaldehyde–seawater buffered solution.

The copepods were identified following the taxonomic literature for the South and
Central Atlantic [26–30] and counted to estimate the abundance (ind m−3) and frequency
(%) of infected specimens by developmental stages and sex. These were determined
according to the usual morphological characteristics [26,27,31,32] and split into juvenile
copepodids (CI-V), adult females (F), and adult males (M). A minimum of 30 individuals
of each dominant copepod taxon were counted in sample aliquots to estimate the copepod
abundances [28]. The infected copepods were enumerated in larger subsamples (from 1/10
to whole samples) because of their low prevalence in the samples (Table S1). Naupliar
abundances were not estimated as the 100 μm plankton net failed to quantitatively capture
the larval stages of most copepod species in the region [33].

The prosome length and width of the copepods and the parasite size (major length
and width, excluding the stalk) were measured under a stereomicroscope equipped with a
digital camera with the aid of Image J software after staining the samples with Bengal rose.
The Paracalanus specimens were grouped as Paracalanus spp. because the identification
accuracy was limited by the image resolution and the small body size of these copepods. A
microscope analysis of selected individuals suggested that P. quasimodo was the dominant
Paracalanus species in the samples, followed by P. indicus and occasional occurrences of P.
aculeatus and an unidentified Paracalanus spp. [33].

Ellobiopsis chattoni parasites were identified based on their tube-like structure in the
distal part of the forming gonomere and the occurrence of a single gonomere, an exclusive
characteristic of the species (Figure 1) [21,22,24,25]. The gonomeres were assigned to three
categories according to [14,21]: absent; immature (visible cell constriction, but at different
developmental stages); and mature (fully developed). The initial developmental stages
of parasites may have been underestimated in our samples due to the image resolution
and parasite size (<15 μm length without the stalk). The frequency of occurrence of the
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parasites by attachment location on the copepods (antenna, mouth appendages, prosome,
etc.) was analyzed for paracalanid copepods.

Figure 1. Paracalanid copepods infected by Ellobiopsis chattoni: (A) Paracalanus indicus with two
adhered parasites; (B) P. indicus showing E. chattoni adhering to a mouth appendage; (C,D) Parvo-
calanus crassirostris with parasites attached to the antenna. (A,B) Scale = 200 μm; (C) scale = 80 μm;
(D) scale = 60 μm.

Comparisons between the sexes and developmental stages were performed on the
paracalanid copepods to verify a possible differential occurrence of E. chattoni with these
categories. The data were tested for normality and an equal variance by the Shapiro–Wilk
and Lilliefors tests, respectively. The abundance data were not fit for parametric tests, so
non-parametric statistical tests were used instead. A comparison of the multiple groups
was made using a Kruskal–Wallis test, followed by a Student–Newman–Keuls test when
the differences were significant; Mann–Whitney tests were used for pairwise comparisons.
All statistical analyses were considered with a 5% significance level [34].

The effect of the hosts on the copepod size was tested by comparing the prosome
length of parasitized adult copepods with the same number of random non-parasitized
copepods from the same sex and sample. The host and parasite biovolumes (μm3) were
estimated by V = 4/3 a b2, where a was the copepod or protist length and b was their
width, assuming that both the copepods and E. chattoni had a spherical ellipsoid format.
The Spearman test was used to assess the correlation between the copepod and parasite
body volumes.

3. Results

A total of 7934 paracalanids (4014 Paracalanus spp. and 3920 Parvocalanus crassirostris),
19,219 Oithona spp., and 8302 Acartia lilljeborgii were inspected. An infection was observed
in 98 Parvocalanus crassirostris (2.5% of the total), 22 Paracalanus spp. (0.5% of the total),
8 oithonids (3 Dioithona oculata, 3 Oithona hebes, and 2 O. plumifera), and 4 specimens of
Acartia lilljeborgii (~0.05%). The most frequently infected developmental stages were adult
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females in Parvocalanus crassirostris and copepodids in Paracalanus spp. (Table 1). Acartia
lilljeborgii, Dioithona oculata, Oithona hebes, and O. plumifera are herein reported for the first
time as hosts for E. chattoni.

Table 1. The total amount of examined and infected copepods for each sex and developmental stage
for Parvocalanus crassirostris and Paracalanus spp. and the respective frequency of infection (F.I.). M:
adult male; F: adult female; C: juvenile copepodid, stages I to V.

N Parvocalanus crassirostris Paracalanus spp.

Total M F C Total M F C

Observed 3920 597 1211 2014 4014 260 302 3430

Infected 98 14 61 23 22 7 1 14

F.I. (%) 2.5 2.4 5 1.1 0.6 2.7 0.3 0.4

A total of 61 copepod taxa were identified (Table S2). Paracalanus spp. was the most
abundant copepod taxon, varying from 59 ind m−3 on 21 July 2010 to 3982 ind m−3 on
26 January 2009. The estimated abundance of infected Paracalanus spp. was 2 ± 3 ind m−3

for juveniles, 11 ± 11 ind m−3 for males, and 2 ± 2 ind m−3 for females (Table 2). Parvo-
calanus crassirostris was the third most abundant copepod species during this study, with
a large abundance range between 41 ind m−3 on 22 January 2010 and 3282 ind m−3 on
26 January 2009. The estimated abundance of infected P. crassirostris was 6 ± 11 ind m−3

for juveniles, 4 ± 6 ind m−3 for males, and 16 ± 28 ind m−3 for females (Table 2).

Table 2. Abundance estimates of infected Parvocalanus crassirostris and Paracalanus spp. (ind. m−3)
for each sampling occasion. C: juvenile copepodid, stages I to V; F: adult females; M: adult males;
F + M: all adults.

Season Period Species C F M M + F

Summer
2009

01/26 P. crassirostris 9 84 19 103
01/26 Paracalanus spp. 8 4 25 29

Winter 2009

07/18 P. crassirostris 2 13 6 19
07/18 Paracalanus spp. 0 0 1 1
07/22 P. crassirostris 32 7 4 11
07/22 Paracalanus spp. 2 3 20 23
07/26 P. crassirostris 1 7 1 8
07/26 Paracalanus spp. 0 1 3 4

Winter 2010

07/21 P. crassirostris 0 2 0 2
07/21 Paracalanus spp. 0 0 1 1
07/26 P. crassirostris 0 1 1 2
07/26 Paracalanus spp. 0 0 2 2
07/30 P. crassirostris 2 9 0 9
07/30 Paracalanus spp. 4 4 26 30

Summer
2011

01/24 P. crassirostris 0 2 0 2
01/24 Paracalanus spp. 1 1 6 7

Parasitized copepods were observed during all winter and summer seasons sampled
(Table S1). The seasonal and interannual differences could not be reliably estimated because
of the low number of observations during the summer of both years. The females of
Parvocalanus crassirostris were more frequently infected than males (p = 0.04), representing
61 of the 98 infected specimens, and the adults were more frequently infected than the
immature copepodid stages (p = 0.04). The differences between the sex and developmental
stages were not significant for Paracalanus spp. and were not tested for Acartia lilljeborgii and
Oithona spp. due to the low number of infected copepods. The prosome length between
the uninfected and infected females of P. crassirostris was significantly different (Table 3).
The Parvocalanus crassirostris and E. chattoni biovolume showed a significant but weakly
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positive correlation (r2 = 0.21), indicating that larger parasites were often associated with
larger copepods. However, this was not observed for Paracalanus spp. (Figure 2).

Table 3. Results of the Mann–Whitney test comparing the prosome length (μm) between uninfected
and infected copepods for adult males and females of Parvocalanus crassirostris and Paracalanus spp.
F: adult females; M: adult males.

Species Category
Mean ± S.D.
Uninfected

Mean ± S.D.
Infected

Sample
Number (N)

p-Value

Parvocalanus
crassirostris

M 322.2 ± 17.6 307.7 ± 29.2 14 0.383
F 398.8 ± 24.5 381.7 ± 22.9 60 <0.001

Paracalanus spp. M 434.4 ± 66.7 376.9 ± 26.9 7 0.128
F - - 1 -

Figure 2. Relationship between the biovolume (μm3, log scale) of infected paracalanid copepods
(Paracalanus spp. and Parvocalanus crassirostris) and the respective attached Ellobiopsis chattoni parasites.

In P. crassirostris, 77 specimens carried a single parasite cell and 18 carried 2 para-
site cells. The occurrence of three or four E. chattoni cells on a single copepod was rare,
occurring on three individuals only. For Paracalanus spp., 20 specimens had a single E.
chattoni attached; more than one parasite cell occurred only on two copepod hosts. No
difference was found in the size of P. crassirostris, whether the copepods were carrying one
or more parasites.

Nearly 80% of the parasites were attached to cephalosome appendages, including
maxillipeds, maxillae, and antennae (Figure 1). Other less frequent adhesion sites were the
swimming legs and the urosome (Table 4). The preferential adhesion site did not differ
between the sexes or developmental stages.
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Table 4. Ellobiopsis chattoni adhesion sites on the host copepod species (Parvocalanus crassirostris and
Paracalanus spp.). C: juvenile copepodid, stages I to V; F: adult females; M: adult males; %: frequency
of adhesion at each site.

Parvocalanus crassirostris Paracalanus spp.

C F M % C F M %

Mouth appendages 4 32 8 42.7 6 1 5 46.2
Antennae 4 30 3 35.9 5 1 1 26.9
Prosome 2 12 6 19.4 3 - 3 23.1
Others - 1 1 1.9 - - 1 3.8

The Ellobiopsis chattoni size varied widely, with a minimum and maximum length
of 17 and 153 μm, respectively. The average length and width were 75.7 ± 30.2 μm and
44.1 ± 14 μm, respectively, and the average biovolume was 804,117 ± 714,671 μm3. From a
total of 143 detected parasites, the gonomere was absent in 38.5%, immature in 39.2%, and
mature in 22.3% of the specimens.

4. Discussion

The description of Ellobiopsis dates from more than a century ago [21], but knowledge of
the biology and taxonomy of this genus has slowly advanced in the last decades [14,35]. The
literature on Ellobiopsis is mostly restricted to its occurrence and host prevalence. The parasite
has been recorded in association with several species of calanoid copepods [18–20,36–38],
occasionally on Harpacticoida [37], and on decapod larvae [19]. The incidence of Ellobiopsis
on freshwater hosts is uncertain and probably related to yet-unidentified parasites [4,39].

Parvocalanus crassirostris, Paracalanus spp., and Oithona sp. have previously been
reported as hosts [35,36]. This study is the first account for Acartia lilljeborgii, Dioithona
oculata, Oithona hebes, and O. plumifera as hosts for E. chattoni; it is the second Ellobiopsis
record for the South Atlantic to date [9].

Despite the growing list of hosts, geographical variations seem to exist regarding the
association of Ellobiopsis with copepods. For instance, Calanoides carinatus was infected on
the Namibian shelf [40], but an infection was absent for such species at the Bay of Biscay,
Spain, where Calanus helgolandicus was the main host, followed by sporadic infections on
Ctenocalanus vanus, Temora longicornis, and Pseudocalanus elongatus [11]. Here, the parasite
was observed on six different taxa, but numerically important only for paracalanids. In [18]
only the parasitism of Ellobiopsis for Bestiolina similis was described. The geographical
distribution of E. chattoni is widespread, and has been observed in the Arabian Sea [18,41],
on the coast of Tanzania [10], the North Sea [24], the Norwegian Sea [42], the Mediter-
ranean [21], Indian coastal waters [43,44], and Alaska [45], indicating the possibility of a
species complex [14].

The E. chattoni found in Ubatuba were generally smaller (~20–160 μm) than the
250–750 μm range reported in other studies [9,11–22,39]. Although the stalks were not
considered in our length measurements, other investigations did the same [10,14,43]; hence,
that alone should not explain the variability in the parasite size among the regions. Such
size differences might result from our study reporting infections in host species smaller
than those reported in the literature, particularly from the northern hemisphere, or parasite
genotypic variability.

It cannot be ruled out that E. chattoni represents a species complex because of the high
variation in host specificity between localities, the wide geographical distribution, and
the substantial variation in the parasite size. Recent studies (e.g., [18]) lack a molecular
identification of the parasite and have, therefore, relied on morphological characteristics.
A molecular approach, in addition to diverse sampling locations and hosts, should be
considered in future studies to determine whether E. chattoni is an independent species or
a species complex [18].
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Despite the apparently higher number of infected copepods during winter compared
with summer, the seasonality could not be properly assessed in this study due to an
unbalanced sampling frequency between the seasons. Ellobiopsis infections have been
reported to temporally vary, but without a consistent seasonal pattern when different
locations are considered. For instance, the infection rate was higher during the summer in
the Clyde Sea [24], from late autumn through winter in the Mediterranean Sea [12], and
during winter in the estuarine and coastal waters of Iraq [37].

The infection rates observed here for paracalanid copepods were within a lower range
of those recorded elsewhere for copepods carrying Ellobiopsis [13,20,38,42]. P. crassirostris
and Paracalanus spp. were the prevalent hosts off Ubatuba whilst other abundant cope-
pods such as A. lilljeborgii or oithonids remained virtually devoid of parasites, with a
few exceptions.

The positive relationship between the host and parasite size could be explained by
the higher proportion of infected females in comparison with the males, which are smaller
in paracalanids. Nevertheless, infected P. crassirostris females had smaller body sizes
compared with the non-infected specimens. As copepods do not molt after reaching maturity,
size differences are most likely related to a development impairment in the pre-adult stages.
An ellobiopsid infection might negatively impact individual energy input and expenditure by
affecting the copepod motility and feeding efficiency; thus, an early infected individual would
reach maturity with a small body size. As observed in other studies [11,24,43], most parasites
were found adhered to cephalosome appendages such as the mouth parts and antennae,
which generate feeding currents for prey capture [46], suggesting that the adhesion and
infection mechanisms are connected to copepod feeding behavior.

The maximum number of parasites registered here was four (in a few individual
hosts), but up to 15 Ellobiopsis have been observed on a single copepod; a few of these
parasites were smaller than 15 μm [24]. The small size of immature parasites at early
developmental stages could represent a potential explanation for our findings as we relied
on a stereomicroscope to inspect nearly 8000 paracalanid copepods, preventing a more
detailed microscopic analysis.

E. chattoni has been assigned as the causative agent of tumor-like anomalies (TLAs) in
copepods [47]. However, from the 132 infected copepods analyzed in our samples, none
displayed TLAs, which was in line with the results from a laboratory study showing a TLA
absence in copepods during and after Ellobiopsis gonomere sporulation [43]. In addition, TLA
protrusions have not been observed in marine copepods infected by Ellobiopsis [9,11,14,39].
An Ellobiopsis infection has been suggested to raise copepod mortality [47] but, instead of
TLAs, a reduced feeding efficiency and an increased visibility to predators [48,49] are more
plausible explanations.

5. Conclusions

This is the second report of E. chattoni as a copepod parasite in the South Atlantic,
nearly one century after its first account in the region [9]. Four previously unreported
host copepod species were found in this study, including acartiids and oithonids, but the
parasites were mostly prevalent in paracalanids, particularly in Parvocalanus crassirostris.
The size of females was impacted by E. chattoni infections, which suggested that copepod
fitness in general is affected by the presence of parasites [48]. Further experimental studies
are needed to verify the negative effects of the parasite on growth, egg production, and the
fitness of paracalanid hosts as well as the selection and specificity of the hosts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10121816/s1, Table S1: Zooplankton sampling dates from
2009 to 2011. Aliquot sizes analyzed to estimate parasitized copepod abundances, date and time of
sampling, tidal period, and copepod taxa infected by Ellobiopsis chattoni are provided. *: Sampling
performed at the protected station (B); -: absence of infected copepods. Table S2: pelagic copepod
species found off Ubatuba, south-east Brazil from 2009–2011. *: Host species for Ellobiopsis chattoni.
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Abstract: Global warming is increasing the frequency and severity of the marine heat waves, which
poses a serious threat to the marine ecosystem. This study analyzes seasonal and interannual
dynamics in the abundance and structure of the mesozooplankton community in Sevastopol Bay
based on bi-monthly routine observations over 2003–2014. The focus is on the impact of the summer
2010 marine heat wave (MHW2010) on crustaceans belonging to different ecological groups. As a
response to the MHW2010, three warm-water species (O. davisae, A. tonsa and P. avirostris) exhibiting
the maximum seasonal density in latter summer showed a sharp increase in the annual abundance
and their share in the mesozooplankton community. The increase in the annual abundance in 2010 of
the eurythermal species P. parvus and P. polyphemoides exhibiting seasonal peaks in spring and autumn
is not related to the MHW2010 but can be explained by a rise of temperature in the first part of
the year. O. davisae and A. tonsa showed the most pronounced response among the species to the
MHW2010, confirming that non-native species exhibited great flexibility as an adaptive response to
environmental changes, especially in the case of climate warming. Among crustaceans observed in
this study, O. davisae can be considered as an indicator of the environmental conditions associated
with the warming of the Black Sea and the Mediterranean basin as a whole.

Keywords: marine heat waves; mesozooplankton; copepod; crustacean; Sevastopol Bay; Black Sea

1. Introduction

Marine heat waves (MHWs) are extreme warm oceanic events that persist for days to
months and can have devastating impacts on marine ecosystem often with ecological and
socioeconomic consequences. Over the last decades, the MHWs have been increasing in
frequency, intensity and duration worldwide, and these trends are projected to continue
in the future as a consequence of anthropogenic climate change [1,2]. The Black Sea is
an example of semi-closed sea experiencing a rapid warming, which is considered an
amplified precursor of the changes to expect in the greater oceans [3]. The increasing
warming rate of the Sea Surface Temperature (SST) in the Black Sea in the two last decades
with respect to the previous two decades was associated with an increasing rate in MHWs
frequency: the annual mean SST trends was 0.4 ◦C/decade in 1982–2000 and 0.7 ◦C/decade
in 2001–2020, and the corresponding average frequencies of MHW were estimated as about
0.6 events/year and about 3 events/year, respectively [4]. Among the most intense and
prolonged MHWs is the summer 2010 event associated with the extreme atmospheric
heat wave that hit western Russia as result of the strong atmospheric blocking [5]. Given
that MHW are expected to rise in magnitude, frequency and duration in the future, it is
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important to evaluate the response of pelagic communities to extreme MHWs, especially in
shallow coastal areas which are more sensitive to temperature variations than open seas [6].

Marine mesozooplankton is a suitable candidate for investigation of the ecosystem
response to climate variability and extremes, and multi-year mesozooplankton time series
provide useful information about climate–ecosystem interactions [7,8]. Indeed, mesozoo-
plankton plays a pivotal role in marine ecosystems, providing a link between primary
producers and secondary consumers in food webs. Therefore, all changes in the food
chain, from the bottom to the top, are reflected in the mesozooplankton. Mesozooplankton
comprises poikilothermic animals, sensitive to temperature changes, which is one of the
most important factors, driving its temporal and spatial distribution. Mesozooplankton
species have a short lifespan, six to nine generations of copepods per year in the Black Sea,
and can provide an early signal of environmental changes [9,10].

Despite its major role in marine ecosystems, only a few studies have investigated
the response of coastal populations of zooplankton species to MHWs. Rhian Evans and
co-authors demonstrated that the 2015–2016 Tasman MHW caused a shift in the abundance
and compositions of the zooplankton community resulting in an increase (decrease) in
warm- (cold-) water species of copepods [11]. Similarly, Caitlin A.E. Mckinstry and co-
authors showed an elevated abundance of warm waters copepods in response to the
2014–2015 MHW in the low Cook Inlet, Alaska [12].

A specific feature of the Black Sea is its low biodiversity. In general, it is 3.5–4 times
poorer than that in the Mediterranean Sea, where the copepod species are generally func-
tionally redundant [13]. This redundancy should compensate for the loss of ecosystem
functions of the Mediterranean zooplankton communities caused by climate change [14]. In
the Black Sea, there are currently 12 species of marine planktonic copepods, three of which
are invasive, namely Acartia tonsa, Oithona davisae, and Pseudadiaptomus marinus [15,16]. In
this regard, changes in environment caused by climate impact or anthropogenic pressure
lead to noticeable effects in the zooplankton community and the ecosystem of the Black Sea
as a whole. Thus, the Black Sea, and in particular Sevastopol Bay, is a suitable model for
assessing the environmental impacts of climate change on marine biodiversity.

Zooplankton of the Black Sea include species of various origins and, hence, they are
different in ecology and biology [17,18]. Cold-water assemblage copepods are considered
boreal-Atlantic relics that inhabited the Black Sea during the past cooling period. They
dwell in a deep layer of the open sea in summer and appear in surface waters and coastal
areas during the cold season. Thermophilic species colonized the Black Sea as it warmed
in the last stages of the Quaternary. They survive the cold season at the dormancy stage,
rapidly increase in abundance in the warm season and peak in abundance from late July to
October. Individual representatives of this group (namely ctenophores Mnemiopsis leidyi,
Beroe ovata and copepods Acartia tonsa, Oithona davisae) were established in the Black Sea
quite recently, during the last 50 years. Finally, some copepods belong to the eurythermal
assemblage and are quite numerous in the plankton all year round [10,15].

Our goal in this paper is to assess the response of the crustacean mesozooplankton
populations in the Sevastopol Bay (northern Black Sea) to the 2010 summer MHW, which
was one of the most intense and longest MHWs observed in the region. Based on long-term
(2003–2014) routine observations of zooplankton, we aim at identifying species sensitive to
extreme warm temperature anomalies observed during summer 2010 and documenting
corresponding changes in composition, abundance, structure and seasonal variations.

2. Materials and Methods

2.1. Area of Investigation

Sevastopol Bay is located in the northern part of the Black Sea at the southwestern
tip of the Crimean Peninsula (Figure 1). It is about 7 km long and 1 km wide at its widest
point, and it has an average depth of 12 m. It is a semi-enclosed estuarine-type bay having
a restricted water exchange with the open sea because of its large length and the mole built
at the entrance.
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Figure 1. Sampling stations in Sevastopol Bay and spatial pattern of the monthly average sea
surface temperature (SST, ◦C) anomalies in the Black Sea in August 2010 with respect to the
1985–2014 monthly climatology.

The salinity ranges within 14–17.5 ppt and is largely controlled by freshwater input
from the Chernaya River that flows into the head of the bay [19]. The bay is suffering from
a heavy anthropogenic pressure associated with discharges of industrial and domestic
wastewaters as well as stormwater runoff. Based on the eutrophication E-TRIX-index
assessments made in 2011–2012, the trophic level in the Sevastopol Bay was characterized
as a transitional from medium to high [20]. Both pollution and trophic levels gradually
decrease from the head of the bay to its mouth [21]. Being a port area, Sevastopol Bay is
also heavily affected by maritime traffic, which contributes to invasions of alien species.

2.2. SST Data

SST in Sevastopol Bay is investigated based on a long-term series of continuous
6 h measurements from 1950 to 2014 provided by the Sevastopol Hydrometeorological
Station. Additionally, the SST product from the OSTIA archive (Operational Sea Surface
Temperature and Sea Ice Analysis) with a spatial resolution of 0.054◦ (about 5 km) was
used to analyze the spatial distribution of the summer 2010 warm anomaly in the Black
sea. The archive includes daily fields averaged using optimal interpolation and is based on
satellite data from sensors AVHRR, AMSRE, AATSR, SEVERI and TMI, as well as on data
received from drifting and moored buoys [22].

2.3. Sampling and Zooplankton Processing

The analysis of the mesozooplankton community is based on a long-term data set
collected between 2003 and 2014 at two stations (Figure 1), one located in the mouth of
Sevastopol Bay (station 1) and the other one in the middle of the bay (station 2). Throughout
the entire period, sampling and samples processing were made according to the same
methods, allowing a reliable assessment of seasonal and interannual changes.

Zooplankton samples were taken twice per month in the morning using a Juday
plankton net (with a mouth area of 0.1 m2 and a mesh size of 150 mm) from the whole water
column: 10–0 m at station 1, and 9–0 m at station 2. Samples were fixed with formaldehyde
solution (4% final conc.) and processed in the laboratory using the standard methodology
for zooplankton. The sample was homogenized before taking aliquot. A calibrated 1 mL
Stempel pipette was used for sub-sampling. Quantitative and qualitative processing was
carried out in Bogorov’s chamber under a stereomicroscope. At least 2 aliquots were
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calculated for each sample. In the sub-sample(s), all crustaceans were counted until each of
the three dominant species reached 100 individuals. The entire specimen was examined for
rare species [23,24].

2.4. Data Analysis
2.4.1. SST Data

The monthly seasonal cycle of SST (or monthly mean climatology) was calculated
based on observed mean monthly data averaged for each calendar month over the 30-year
period from 1985 to 2014. The monthly SST anomalies were then calculated by subtracting
the monthly seasonal cycle from the observed monthly means. In order to obtain the
monthly mean climatology on a daily basis, the monthly climatology was interpolated from
12 calendar months to 365 calendar days using a spline interpolation.

To describe the summer 2010 MHW characteristics, we used the MHW definition
from [25]: the mean daily SST exceeds a seasonally varying threshold (95th percentile) for
at least 5 consecutive days; successive heatwaves with gaps of 2 days or less are considered
part of the same event. The seasonally varying 95th percentile was calculated as monthly
95th percentile climatology for each calendar month over the period 1985–2014 and then
interpolated to 365 calendar days using a spline interpolation.

2.4.2. Zooplankton

Based on the long-term observation dataset described in Section 2.3, seasonal and inter-
annual variability in zooplankton abundance was analyzed at both stations for 12 species of
crustacean zooplankton representing different ecological groups (warm-water, cold-water
and eurythermal).

The seasonal variability of zooplankton species abundance was analyzed based on
normalized average monthly values calculated as:

Nσ
ij =

(
Nij − Nj

)
/σNj (1)

where Nij—average monthly values of the abundance for each i-th month and j-th species;

Nj and σNj the average long-term value of the abundance and its standard deviation for
the j-th species, respectively.

Interannual abundance variability was estimated as the deviation of the numbers of
each zooplankton species (Nij) from the corresponding average monthly values (for each
i-th month and j-th species) according to:

δNij = Nij − Nij (2)

Furthermore, the values of abundance anomalies relative to the annual variation (δNij)
were averaged over the 2003 to 2014 (δNij), and the standard deviation σ(δNij) of the
obtained time series were calculated. The average annual values of abundance anomalies
relative to the annual variation normalized to this value (σ

δ Nij) were used to characterize
the interannual variability of particular zooplankton species and to assess the significance
of differences in their abundance among years.

Hereafter, the normalized average annual values of abundance anomalies relative to
the annual variation σ

δ N will be referred to as the indicator of interannual variability.

3. Results

3.1. SST Variability and the Summer 2010 MHW

The SST of Sevastopol Bay has a marked seasonal cycle with a cold season from
January to March and a warm season occurring form June to September (Figure 2a, blue
line). The minimum and maximum are observed in February (6.6 ◦C) and August (24.8 ◦C),
respectively. During the study period, SST shows a clear warming trend from 2003 to 2010,
the latter year being the hottest one (Figure 2b). The month-to-month variability was rather
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low between 2003 and 2010. The period 2011–2014 exhibits stronger variability, which is
associated in particular with two cold events (February 2012 and October 2013) when the
monthly anomalies fell below −2 ◦C and the hottest event in May 2013 when the monthly
anomaly reached 3.4 ◦C. The minimum and maximum are observed in February (6.6 ◦C)
and August (24.8 ◦C), respectively.

 
Figure 2. SST series in Sevastopol Bay (◦C): (a) The climatology (blue), 95th percentile marine heat
wave (MHW) threshold (green) and time series (black) for 2010. The red filled area indicates the
period of time associated with the MHW; (b) Monthly averaged anomalies over the study period
2003–2014 with respect to the 1985–2014 monthly climatology as recorded by in situ observations;
(c) As in (b) but over the period 1950–2014. Black and blue lines in (c) show the in situ and satellite
observations, respectively.

During the study period (Figure 2b), SST shows a clear warming trend from 2003 to
2010, the latter year being the hottest one. The month-to-month variability was rather
low between 2003 and 2010. The period 2011–2014 exhibits stronger variability, which is
associated in particular with two cold events (February 2012 and October 2013) when the
monthly anomalies fell below −2 ◦C and the hottest event in May 2013 when the monthly
anomaly reached 3.4 ◦C. Figure 2c further evidences that the study period (2003–2014)
corresponds to the warmest duodecad and 2010 is the warmest year since at least 1950 when
began regular SST observations in Sevastopol Bay.

We now focus on the summer 2010 MHW event. Figure 2a shows that during almost
all of 2010, the daily SST anomalies were above the climatological values. The summer
MHW event starts on June 11th and ends on 9th September, lasting in total 3 months.
The peak of the event was observed from 1 August to 19 August, when the daily SST
anomalies exceeded 4 ◦C and reached 5 ◦C on 15 August. Figure 1 shows that in August
2010, abnormally high SSTs were recorded throughout the entire Black Sea area. The mean
monthly anomalies ranged from about 2 ◦C in the Bosphorus region to almost 3.8 ◦C near
the Dnieper-Bug Estuary in the northwestern shelf. Crimea’s southwestern coast was
marked by extremely high values (more than 3 ◦C), which closely matched the in situ
observations in Sevastopol Bay (Figure 2).

3.2. Species Composition and Ecological Groups of Zooplankton

During the study period, 12 species of crustaceans representing three different eco-
logical groups (thermophilic, eurythermal and cold-water) were found in Sevastopol Bay.
Table 1 summarizes the annual average abundance of each species. Copepods Acartia tonsa,
Centropages ponticus, Oithona davisae and cladocerans Penilia avirostris, Pseudevadne tergestina,
Evadne spinifera are representatives of a thermophilic assemblage. Among them, A. tonsa
and O. davisae are non-indigenous species, which appeared in the Black Sea in 1970s and
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2005, respectively. Pseudevadne tergestina and Evadne spinifera were not numerous and were
not considered here.

Table 1. Interannual variations in abundance of the numerous crustaceans (ind. m−3 ± standart
error) at the mouth of Sevastopol Bay (station 1) and in the middle of the bay (station 2).

Station 1.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Samples
Number 21 21 19 24 21 24 23 23 22 22 21 22

Penilia
avirostris

238
± 117

433
± 268

2391
± 1596

792
± 630

272
± 166

334
± 198

590
± 370

1164
± 597

825
± 477

483
± 284

518
± 421

378
± 241

Pleopis
polyphemoides

227
± 151

526
± 246

741
± 506

360
± 114

383
± 142

799
± 513

372
± 136

865
± 374

795
± 426

362
± 219

376
± 226

202
± 97

Acartia clausi 582
± 194

263
± 56

232
± 51

203
± 52

142
± 44

922
± 408

198
± 53

362
± 162

389
± 87

125
± 35

573
± 126

238
± 42

Acartia tonsa 129
± 47

480
± 246

116
± 53

99
± 42

52
± 26

62
± 24

8
± 7

72
± 35

3
± 1

13
± 6

38
± 18

13
± 7

Centropages
ponticus

62
± 25

92
± 54

37
± 15

171
± 50

346
± 174

72
± 31

321
± 104

268
± 109

177
± 64

310
± 174

471
± 159

248
± 57

Oithona davisae NA * NA * 22
± 14

1892
± 1056

2344
± 1717

3256
± 1349

5770
± 1763

17,236
± 5400

5043
± 1384

4678
± 2729

4211
± 1159

7140
± 3107

Oithona similis 30
± 10

58
± 20

23
± 9

31
± 7

63
± 22

24
± 8

160
± 46

43
± 10

122
± 35

156
± 57

127
± 33

87
± 21

Paracalanus
parvus

173
± 57

178
± 41

377
± 176

564
± 169

524
± 146

638
± 207

1786
± 354

1830
± 567

1280
± 249

474
± 125

1261
± 386

839
± 165

Pseudocalanus
elongatus

204
± 74

193
± 68

121
± 44

120
± 37

234
± 102

55
± 21

189
± 61

64
± 25

325
± 141

118
± 43

224
± 67

180
± 72

Station 2.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Samples
number 18 20 15 21 21 22 22 22 22 16 21 21

Penilia
avirostris

284
± 117

133
± 100

1265
± 1170

75
± 29

73
± 45

80
± 62

664
± 369

1202
± 749

258
± 221

348
± 168

215
± 144

2362
± 2151

Pleopis
polyphemoides

1051
± 612

966
± 475

959
± 641

1636
± 845

1401
± 678

912
± 501

688
± 398

1056
± 511

2027
± 1086

1662
± 820

1060
± 777

617
± 295

Acartia clausi 338
± 162

308
± 71

159
± 50

372
± 157

137
± 45

472
± 131

198
± 43

232
± 62

270
± 63

83
± 17

485
± 117

375
± 106

Acartia tonsa 1777
± 1245

690
± 361

599
± 264

366
± 215

292
± 162

261
± 152

30
± 17

883
± 609

73
± 25

197
± 110

483
± 237

189
± 130

Centropages
ponticus

61
± 36

40
± 20

25
± 10

36
± 15

196
± 98

32
± 14

184
± 63

79
± 28

284
± 130

183
± 85

186
± 53

122
± 32

Oithona davisae NA * NA * 301
± 168

4849
± 2224

6867
± 3128

16,312
± 5456

22,069
± 4345

41,754
± 12,337

25,059
± 6520

13,174
± 6807

8946
± 2017

18,131
± 7869

Oithona similis 69
± 50

120
± 60

20
± 7

49
± 19

111
± 36

22
± 7

151
± 60

36
± 15

115
± 37

247
± 146

177
± 67

193
± 76

Paracalanus
parvus

61
± 17

85
± 28

174
± 60

364
± 113

295
± 65

484
± 211

674
± 160

731
± 192

686
± 137

214
± 59

474
± 91

548
± 102

Pseudocalanus
elongatus

324
± 195

305
± 118

224
± 87

303
± 145

262
± 84

130
± 40

598
± 228

152
± 64

370
± 126

254
± 115

241
± 128

426
± 184

* NA—not available.

The seasonal pattern dynamics of warm-water species are shown in Figure 3. All
these species survived in the cold season in the Black Sea at a dormant stage. Most of
them produced resting eggs in response to low temperatures, and O. davisae maintained in
plankton at the stage of fertilized females. The populations of warm-water species began to
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grow rapidly in late May (at a temperature of 16–18 ◦C) and peaked in August–October
(Figure 3A–C).

Figure 3. The patterns of seasonal dynamics of warm-water crustaceans in Sevastopol Bay at
station 1 (blue) and station 2 (red) presented as normalized average monthly values (see details
of the method in Section 2.4): (A)—Oithona davisae; (B)—Acartia tonsa; (C)—Centropages ponticus;
(D)—Penilia avirostris.

Such seasonal pattern was typical for all the above-mentioned species with the excep-
tion of C. ponticus (Figure 3D). The first peak of C. ponticus abundance occurred in June,
which was followed by a slight decline in the hottest months of July and August. The more
pronounced peak took place in September (Figure 3D). So, despite the fact that centropages
is typically a warm-water species, it preferred temperatures not higher than 23 ◦C.

The eurythermal assemblage of crustaceans was represented by copepods A. clausi,
P. parvus and cladocera P. polyphemoides. All these species are numerous in the Sevastopol
Bay plankton community all year round. Seasonal pattern of A. clausi demonstrated two
pronounced picks, in early spring (March) and autumn (September–November), respec-
tively (Figure 4A). P. parvus peaked in November–December (Figure 4B). For both species,
there was a summertime decline in abundance. (Figure 4A,B). P. polyphemoides showed
strong picks only in May–June (Figure 4C).

Copepods P. elongatus, O. similis, C. euxinus belong to a cold-water assemblage. Two
of them, P. elongatus and O. similis, are important components of the zooplankton of
Sevastopol Bay in cold seasons. C. euxinus, an inhabitant of the open Black Sea, was found
in small amounts in the bay, usually during winter. It was not taken under consideration in
the present analysis. P. elongatus and O. similis were abundant in Sevastopol Bay during
January–April and November–December, whereas in June–October, their density was the
lowest (Figure 5A,B).

3.3. Interannual Variation in Abundance

For the study period 2003–2014, the maximum abundance of crustaceans was recorded
in 2010: 22,000 ind. m−3 at the mouth of the bay (station 1) and 46,000 ind. m−3 in its
middle (station 2), which is nearly three times the long-term average values for the whole
period (about 7000 ind. m−3 and about 17,000 ind. m−3, respectively). At both stations, the
crustaceans were numerically dominated by warm water species in 2010 (Table 1; Figure 6a).
They amounted more than 19,000 ind. m−3 at station 1 and about 44,000 ± ind. m−3 at
station 2 (85% and 95% of the total crustacean abundance, respectively). The warm-
water assemblage prevailed not only among crustaceans but also in the mesozooplankton
community as a whole, both by season (in the summer–autumn months) and by year
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(on average per year). Warm-water species abundance increased year after year from
2006 to 2010. This was attributable to the introduction and rapid growth of the O. davisae
population, which is a new copepod species discovered in the Black Sea in 2005. Note also
that a general positive trend in warm-water species abundance over 2003–2010 coincides
with a strong warming SST trend in this period (Figure 2c).

Figure 4. The patterns of seasonal dynamics of eurythermalcrustaceansin Sevastopol Bay at
station 1 (blue) and station 2 (red) presented as normalized average monthly values (see details
of the method in Section 2.4): (A)—Acartia clausi; (B)—Paracalanus parvus; (C)—Pleopis polyphemoides.

Figure 5. The patterns of seasonal dynamics of cold-water crustaceans in Sevastopol Bay at
station 1 (blue) and station 2 (red) presented as normalized average monthly values (see details
of the method in Section 2.4): (A)—Oithona similis; (B)—Pseudocalanus elongatus.
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Figure 6. Interannual variability of annual average abundance of the: (A)—warm-water crustacean
assemblage, (B)—euthermal crustacean assemblage; (C)—cold-water crustacean assemblage in Sev-
astopol Bay at station 1 (blue bars) and station 2 (red bars).

The density of eurythermal and cold-water species varied slightly during the study pe-
riod (Figure 6B,C). The eurythermal crustacean abundance ranged from 960 to 3057 ind. m−3

at station 1 and from 1292 to 2983 ind. m−3 at station 2, whereas the abundance of cold-
water crustacean ranged from 119 to 487 ind. m−3 at station 1 and from 162 to 767 ind. m−3

at station 2. A minor rise in the abundance of eurythermal species was observed in 2010, no-
tably at the mouth of the bay (Figure 6B). In the middle of the bay (station 2), the abundance
of eurythermal species reached the highest values in 2011. On the contrary, the density of
cold-water crustaceans was the lowest in 2010: 119 ind. m−3 at station 1 and 199 ind. m−3

at station 2 (Figure 6C).

3.4. Key Species Variability

Warm-water assemblages of crustaceans in Sevastopol Bay were represented by four
key species: O. davisae, A. tonsa, C. ponticus and P. avirostris. Non-indigenous copepod
O. davisae was detected in the Black Sea at the end of 2005 and contributed the most to the
total abundance of crustaceans in Sevastopol Bay during the following years. Since 2006,
its abundance increased annually by about 1.5 times and reached 5770 ± 1763 ind. m−3 at
station 1 and 22,069 ± 4345 ind. m−3 at station 2 in 2009 (Table 1). The population explosion
occurred in 2010 (17,236 ± 5400 ind. m−3 at station 1 and 41,754 ± 12,337 ind. m−3 at
station 2), and since 2011, species density stabilized near the values of 2009 (Table 1). At
both stations, the indicator of interannual variability of abundance (σ

δ N) reached 3σ in
2010 (Figure 7A).
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Figure 7. Pattern of interannual variability of abundance of the warm-water crustaceans in Sevastopol
Bay at station 1 (blue) and station 2 (red) presented as normalized annual anomalies (see details
of the method in Section 2.4): (A)—Oithona davisae; (B)—Acartia tonsa; (C)—Centropages ponticus;
(D)—Penilia avirostris.

Positive anomalies in the abundance of O. davisae in Sevastopol Bay were observed
throughout the entire breeding season of 2010 (Figure 8A). The largest abundance of
O. davisae was recorded at both stations (86,000 ind. m−3 at station 1 and 145,000 ind. m−3

at station 2) in August 2010 during the peak of the summer MHW when the highest daily
SST reached 29.6 ◦C. Moreover, O. davisae contributed hugely to the total abundance of
crustaceans in August 2010: 78% at the mouth and 90% in the middle of the bay.

Another warm-water species A. tonsa was more abundant in 2003–2005, before the
introduction of O. davisae (Figure 7B), showing the annual average density between 116 and
480 ind. m−3 at station 1 and between 599 and 1777 ind. m−3 at station 2. Since 2006,
the density of A. tonsa decreased steadily, dropping to 52–99 (261–366) ind. m−3 at sta-
tion 1 (station 2) in 2006–2008, and further to 3–38 (30–483) ind. m−3 at station 1 (station 2)
in 2009 and 2011–2014 (Table 1). However, in 2010, the average annual abundance of
A. tonsa increased sharply with respect to the previous years (up to 72 ± 35 ind. m−3 at
station 1 and 883 ± 609 ind. m−3 at station 2). The maximum abundance was observed in
July–August during the peak of the MHW (Figure 8B): 563 ind. m−3 and 12,000 ind. m−3

at the mouth and in the middle of the bay, respectively.
The warm-water species P. avirostris exhibited two pronounced peaks in its density

in 2005 and 2010 (Table 1, Figure 7D). The peak of 2005 at the mouth of the bay (station 1)
was the most significant and showed the indicator of interannual variability above 3σ.
The average abundance in 2010 amounted to 1164 ind. m−3 ± 374 at station 1 and to
1202 ind. m−3 ± 749 at station 2. P. avirostris density reached the maximum in July–August
(Figure 8D): the abundance was 7000–8000 ind. m−3 in July and 3000–4000 ind. m−3

in August (Table 1). The indicator of interannual variability reached 1σ for these peaks
(Figure 7D).

Unlike the three warm-water species described above, the pattern of interannual
fluctuations in C. ponticus abundance was more heterogenous, showing different behaviors
at two stations (Figure 7C). The annual average density of C. ponticus reached its maximum
in 2013 at station 1 (471 ± 159 ind. m−3) and 2011 at station 2 (284 ± 130 ind. m−3)
(Table 1). Both stations did not experience a density peak in 2010 showing the values
of 268 ± 109 ind. m−3 and 79 ± 28 ind. m−3 at station 1 and station 2, respectively. In
August 2010, negative anomalies of C. ponticus abundance were observed at both stations
(Figure 8D).

78



J. Mar. Sci. Eng. 2022, 10, 1933

Figure 8. Long-term fluctuations in anomalies of warm-water crustaceans abundance relative to the
annual variation (see details of the method in Section 2.4) in Sevastopol Bay at station 1 (blue) and sta-
tion 2 (red): (A)—Oithona davisae; (B)—Acartia tonsa; (C)—Centropages ponticus; (D)—Penilia avirostris.

Eurythermal crustacean assemblages were represented by A. clausi, P. parvus and
P. polyphemoides. The pattern of interannual variability of A. clausi showed a significant
increase in population in 2008 and 2013 (Figure 9A) associated with seasonal picks in its
abundance in spring and autumn (Figure 10A).

The annual average abundance of A. clausi ranged within 125 ± 35 ind. m−3 and
922 ± 408 ind. m−3 at station 1 and within 83 ± 17 ind. m−3 and 485 ± 117 ind. m−3 at
station 2 (Table 1). In 2010, the abundance was close to the average value (362 ± 162 and
232 ± 62 ind. m−3 at stations 1 and 2, respectively). The annual average abundances of
P. parvus increased at both stations in period 2009–2011 (Figure 9B), with the maximum
density in 2010 (1830 ± 567 ind. m−3 at station 1 and 731 ± 192 ind. m−3 at station 2)
(Table 1). The highest abundance of P. parvus occurred in November 2010 at the mouth of the
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bay (9100 ind. m−3). The abundance was also high in April–May and in October–December
in 2010.

Figure 9. Pattern of interannual variability of abundance of eurythermal crustaceans in Sevastopol
Bay at station 1 (blue) and station 2 (red) presented as normalized annual anomalies (see details of
the method in Section 2.4): (A)—Acartia clausi; (B)—Paracalanus parvus; (C)—Pleopis polyphemoides.

Positive anomalies of P. parvus were observed from January to May 2010 and from
October 2010 to February 2011 (Figure 10B). The abundance of P. parvus was significantly
higher at the mouth of the bay over the study period.

Unlike other species, the extremes of the interannual variability in the abundance
of P. poliphemoides did not coincide at two stations (Figure 9C). At the mouth of the bay,
the maximum of annual average density was in 2010 (865 ± 374 ind. m−3) followed by
2008 (799 ± 513 ind. m−3) and 2011 (795 ± 426 ind. m−3). In the middle of the bay, the
most abundant year was 2011 (2027 ± 1086 ind. m−3), although 2010 was also abundant
(1056 ± 511 ind. m−3) (Table 1). These interannual extremes were largely contributed by
strong positive anomalies in abundance observed in May–June at both stations (Figure 10C).

The density of cold-water species P. elongatus and O. similis was low throughout the
study period (Table 1). Their annual average abundance fluctuated from year to year,
and the long-term variability of its anomalies had an irregular pattern (Figure 11A,B). A
common feature of the long-term variability curves for both species was an increase in the
density in 2009 and a decline in 2008 and 2010. (Figure 11A,B). Negative anomalies in the
seasonal dynamics of P. elongatus and O. similis were observed from January to April in
2008 and 2010 (Figure 12A,B).
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Figure 10. Long-term fluctuations in anomalies of eurythermal crustaceans abundance relative to the
annual variation (see details of the method in Section 2.4) in Sevastopol Bay at station 1 (blue) and
station 2 (red): (A)—Acartia clausi; (B)—Paracalanus parvus; (C)—Pleopis polyphemoides.

Figure 11. Pattern of interannual variability of abundance of cold-water crustaceans in Sevastopol
Bay at station 1 (blue) and station 2 (red) presented as normalized annual anomalies (see details of
the method in Section 2.4): (A)—Oithona similis; (B)—Pseudocalanus elongatus.

81



J. Mar. Sci. Eng. 2022, 10, 1933

Figure 12. Long-term fluctuations in anomalies of cold-water crustaceans abundance relative to the
annual variation (see details of the method in Section 2.4) in Sevastopol Bay at station 1 (blue) and
station 2 (red): (A)—Oithona similis; (B)—Pseudocalanus elongates.

The annual average abundance of P. elongatus ranged between 55 ± 21 ind. m−3

and 352 ± 141 ind. m−3 at station 1 and 130 ± 40 ind. m−3 and 598 ± 228 ind. m−3 at
station 2. The maximum seasonal abundance of P. elongatus occurred in February and
March, the strongest peak being observed in March 2009 (about 4000 ind. m−3). The
density of O. similis varied from 23 ± 9 ind. m−3 to 160 ± 46 ind. m−3 at station 1 and from
20 ± 7 ind. m−3 to 247 ± 151 ind. m−3 at station 2. The maximum seasonal abundance of
O. similis was observed in February and April, the highest value of about 1500 ind. m−3

being found in April 2014.

4. Discussion

As a distinct signature of contemporary global warming, the MHWs are increasing
in frequency, duration and magnitudes, posing a serious threat for the marine ecosystem.
The Black Sea is an example of semi-closed sea experiencing a rapid warming, which is
considered an amplified precursor of the changes to expect in the greater oceans [3]. Recent
studies have shown that the frequency of MHW in the Black Sea has increased by a factor
of five in the last two decades compared with the two previous decades [4].

In this study, we assessed the response of the zooplankton in Sevastopol Bay to the
summer 2010 event, which was among the most persistent and intense MHW recorded
in the Black Sea. In order to interpret the changes observed in 2010, the patterns of
seasonal dynamics and interannual variability in the abundance of crustacean species were
analyzed based on a dataset of zooplankton samples collected twice per month between
2003 and 2014.

The analysis of the SST in Sevastopol Bay showed that the study period was the
warmest duodecad since at least 1950. Within this period, the SST showed a strong increas-
ing trend between 2003 and 2010. 2010 was the warmest year since 1950 and exhibited
positive SST anomalies almost all year round. The summer 2010 MHW starts at the be-
ginning of June and lasts for 3 months, reaching the maximum amplitudes (daily SST
anomaly > 4 ◦C) between the end of July and mid-August. Extreme positive SST anomalies
in 2010 led to a sharp increase in the abundance of three warm-water species of crustaceans,
namely O. davisae, A. tonsa and P. avirostris, and their share in the mesozooplankton commu-
nity of Sevastopol Bay. An increase in the annual abundance in 2010 was also observed
for two eurythermal species P. parvus and P. poliphemoides, although it is not related to the
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MHW event but can be rather explained by warm SST anomalies during the first part of the
year. We now discuss in detail the response of each species to the MHV 2010 depending on
unique peculiarities of its biology, seasonal dynamics and sensitivity to high temperature.

4.1. Warm-Water Assemblages

The largest contribution to the total abundance of crustaceans in 2010 was made by a
non-indigenous species (NIS) of warm-water copepod Oithona davisae. This species was
discovered in the Black Sea for the first time in October 2005 (it was initially misidentified
as Oithona brevicornis) [26,27]. Its abundance rapidly increased, and already in 2006, Oithona
davisae outnumbered other copepods in summer–autumn and on average per year [28]. A
logarithmic acceleration phase such as a phase of NIS invasion pattern was observed in
2006–2008, when abundance raised sharply [29,30]. Afterwards, the growth was limited,
and density remained at the same level as in 2009–2014, with the exception of 2010. In 2010,
the abundance of O. davisae was extremely high with a maximum in July–August during
the peak of the summer MHW 2010. A general positive trend in O. davisae abundance over
2003–2010 coincides with a strong warming SST trend in this period. We suggest that the
increase in temperature during this period promoted the rapid growth in the population of
O. davisae.

The other non-indigenous warm-water copepod A. tonsa appeared in the Black Sea
in the 1970s [31,32]. It dominated the Sevastopol Bay in summer–autumn to 2006 before
colonization of the bay by O. davisae. A considerable and statistically significant decline in
A. tonsa abundance occurred from 2006 to 2014 due to competitive interactions between the
two non-indigenous copepods [30]. It is worth noting that the negative effect of the non-
indigenous O. davisae on populations of Acartia omori, Micosetelle norvegica and P. parvus have
been also found in Tokyo Bay [33]. A sharp rise of the A. tonsa population in Sevastopol Bay
was observed in July and August 2010 as a response to the MHW. The positive correlation
of O. davisae and A. tonsa abundance with temperature was revealed in other areas of the
world ocean [34–36].

At a seasonal scale, P. avirostris occurred in Sevastopol Bay in May–November and had
one pronounced peak in August–September. The same seasonal dynamics was observed
in the Mediterranean Vigo and Trieste regions, while in the subtropical highly productive
waters of the Arabian Sea (Gulf of Oman), its population persisted all the year round. A
regional link between the abundance of this species and temperature was also reflected in
Gulf of Oman [37]. In Sevastopol Bay, the P. avirostris population was most abundant in
2005 and 2010 when strong positive SST anomalies were reported in August and September.
A similar link between the average long-term abundance of P. avirostris and SST in August
was reported for the coastal waters near Sevastopol [10].

Calanoid copepod C. ponticus is endemic to the Mediterranean and Black Sea [38,39].
It is a typical warm-water species that appears in plankton only during the warm season.
However, unlike the warm-water species described above, O. davisae and A. tonsa, its peaks
occurred in June and September at 22–23 ◦C. In July and August, when SST reached its
maximum value, C. ponticus density declines. The annual average density of C. ponticus
was relatively low in 2010 in Sevastopol Bay.

4.2. Eurythermal Assemblages

The native eurythermal Acartia clausi is one of the most common and numerous
copepod in the World Ocean and also in the coastal area of the Black Sea [15,40–42]. In
Sevastopol Bay, it was present year-round and reproduced throughout the year. According
to long-term routine observations of zooplankton in the coastal area near Sevastopol
in 1961–1969, a high abundance of A. clausi was observed in the years with negative
temperature anomalies [10]. This is rather in line with our data: at the mouth of the bay,
A. clausi exhibits the positive anomalies in its annual average density in the years when
the SST anomalies in the bay was lower than 0.6 ◦C (2003, 2004, 2006, 2008, 2011 and
2013). In 2010, the annual population of A. clausi was close to its long-term average value,
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showing a seasonal peak in November, when the seasonal temperature drops. Thus, this
eurythermal-type species did not show any response to the 2010 MHW.

Our results further suggested that the warm anomalies 2010 affected populations of
eurythermal copepods P. parvus and P. polyphemoides. The highest average annual abun-
dance of these species was reported in 2010 in Sevastopol Bay. The rise in P. parvus density
was observed from February to June and in September-November 2010. The average
annual abundance of P. polyphemoides in 2010 was higher than in other years, with positive
abundance anomalies in spring and autumn, while in July and August, its abundance was
low. Overall, the increase in annual abundance in 2010 of these eurythermal species can
be explained by the rise of temperature in the first part of 2010, and it is not related to
the summer MHW. Indeed, although both species occurred in the plankton of the bay all
year round, their seasonal peaks occur in the spring and autumn and not in July–August
when the 2010 MHW occurred. Interestingly, V.N. Grese with co-authors documented
a significant summertime abundance of P. parvus in the coastal arear near Sevastopol in
1961–1969 [10]. The discrepancy in the seasonal patterns with their study could possibly
be explained by the fact that the optimal temperature range for the P. parvus population
development was reported between 10 and 20 ◦C, while over the study period, the late
summer SST in Sevastopol Bay was near 26 ◦C, which led to a seasonal population decline.

4.3. Cold-Water Assemblage

Cold-water crustaceans were represented by copepods P. elongatus and O. similis.
P. elongatus is common in the temperate eastern North Atlantic Ocean, including the Black
Sea and some localities in Mediterranean Sea [43,44]. O. similis is cosmopolitan, distributed
from tropical to polar waters [36,45]. In the summer, both species stay in the open Black Sea
under a thermocline and appear in the surface waters and coastal areas in the cold season.
In Sevastopol Bay, these copepods reached their greatest abundance in the first half of the
year and were not found in summer. The year 2010 was one of the years characterized by
the lowest annual average abundance of the cold-water species within the study period.

4.4. Concluding Remarks

Among all considered species, the most pronounced response to the summer 2010 MHW
was observed in the population of non-native warm-water copepods O. davisae and A. tonsa
at both seasonal and interannual scales. These species showed the ability of rapid popula-
tion growth with rising temperatures. A large number of previous laboratory studies have
indicated that increasing temperatures accelerate the development times of eggs and larval
stages (nauplii and copepodids) of copepods [46,47]. Apparently, the extreme temperature
in 2010 led to a reduction in the generation time of the warm-water species O. davisae and
A. tonsa, resulting in a sharp increase in their abundance.

These NIS have a number of competitive advantages over native species. Their specific
biological features ensured its rapid spread across the world ocean, establishment in new
habitats, and successful competition with native species [30,48]. Non-native species also
exhibit great flexibility as an adaptive response to environmental changes, especially in the
case of climate warming.

The current climate changes significantly reduce the resistance of marine ecosys-
tems to disturbance effects, which greatly facilitates the introduction of alien species into
new ecosystems, especially into coastal areas [49]. The number of alien species and their
abundance has increased in the Black Sea in recent decades. In addition to the described
above A. tonsa and O. davisae, a new non-indigenous copepod P. marinus was reported
in Sevastopol Bay in September 2016 [16,50]. All these new species are members of the
warm-water mesozooplankton assemblage. Observations in other estuaries have also
indicated that non-indigenous zooplankton species usually prevail in summer and au-
tumn [34,36,50,51].

Studies of the climate warming impact on the marine ecosystems may be facilitated
by the description of the indicator species. Following Reed Noss, the indicator should
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be (1) sensitive enough to warn of changes in a timely manner; (2) distributed over a
wide geographic area or otherwise widely applicable; and (3) able to provide continuous
assessment over a wide range of stresses [52]. Our results suggest that future warming
may lead to an increase in O. davisae dominance in the mesozooplankton community of the
Black Sea coastal area and that among crustaceans observed in this study, this species can
be considered as an indicator of the environmental conditions associated with the warming
of the Black Sea and the Mediterranean basin as a whole.
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Abstract: Hooghly River, a ~460 km long distributary of the Ganga River, passes through a highly
industrialized Metropolis-Kolkata in West Bengal, India, and eventually empties into the Bay of Ben-
gal at Gangasagar. To determine the patterns and drivers of planktonic community, spatiotemporal
variations in water quality and micronutrient content and planktic prokaryotic and microeukaryotic
abundance and diversity across the salinity gradient (0.1 to 24.6 PSU) in the Hooghly River estuary
(HRE) were studied. Plankton and water samples were collected at six sites during October 2017,
February 2018, and June 2018. The biotic parameters—phytoplankton (Chlorophyll a), total bacterial
abundance (cfu), and copepods—were significantly higher in the downstream estuarine sites than in
the upstream riparian sites; conversely, rotifer and cladoceran abundances were significantly higher
at upstream stations. The most culturable bacterial strains were isolated from the two freshwater
sites and one at the confluence (estuarine) and are characterized as Bacillus subtilis, Pseudomonas
songnenesis, and Exiguobacterium aurantiacum. Among zooplankton, rotifers (0.09 ± 0.14 ind L−1) and
cladocerans (5.4 ± 8.87 ind L−1) were recorded in higher abundance and negatively correlated with
bacterial concentrations at upstream stations. On the temporal scale, February samples recorded
lower proportions of bacterivorous zooplankton at the three upstream stations. Cluster analysis
separated samples on the basis of seasons and water mass movement. The February samples showed
distinct spatial characteristics, as three freshwater (FW) stations grouped together and segregated at
second 2nd hierarchical level, whereas the three estuarine stations formed a separate cluster at the
50% similarity level. Samples collected in October 2017 and June 2018 exhibited mixed attributes.
June samples recorded higher influence of freshwater discharge. The zooplankton abundance showed
significant negative correlation with Chl a. Our results demonstrate the relative role of river contin-
uum, land-driven lateral discharge, and seawater intrusion in shaping community structure, which
needs to be considered in management and conservation planning of aquatic ecosystems, especially
in highly productive and overexploited HRE.

Keywords: bacteria; estuary; river; plankton; trophic structure

1. Introduction

Estuaries are highly productive and dynamic semi-enclosed waterbodies linked to the
sea either permanently or periodically and fed by freshwater from river inputs, resulting in
a distinct salinity gradient and characteristics biota [1–5]. The complexity in a river estuary
is determined by the variability in river water mixing with sea water, resulting in salinity [6],
turbidity, and nutrient gradients [7–10]. There has been a long debate about the functioning
of estuaries [11–13]; the community structure of phytoplankton, bacterioplankton, and
zooplankton; and their relationship and their co-occurrence pattern [14,15]. The common
consensus is that planktic communities play a key role in maintaining the ecological
functioning of an estuary [16].
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The Hooghly River is one of the most important estuarine systems in India be-
cause of the discharge from a vast river basin with substantial monsoonal precipitation
(70,500 m3·s−1 peak flow at Farakka), its origin from the largest montane river (~2600 km),
and its long tidal zone (~280 km). Being an active tidal estuary, it has distinct biological
and physico-chemical characteristics [17]. The commissioning of Farakka Barrage in 1975
facilitated the adequate quantity of Ganga water in the Bhagirathi-Hooghly River system,
improving the ecosystem health and riverine-estuarine biodiversity [18–21], finally mani-
festing as seaward pushing the salinity zone in the estuary [22]. Fish species such as Rita
rita, Sperata seenghala, Eutropiicthys vacha, Wallago attu, Clupisoma garua, Labeo calbasu, and
Catla catla have made their emergence in the upper zone of the Hooghly River estuary
(HRE), namely Tribeni and Banlagarh [23], which were reported from this zone before
1975, i.e., prior to the commissioning of the barrage. HRE provides valuable a nursery
and recruitment habitat for commercially important species, such as Hilsa, finfish, and
shrimp [24,25].

Any short-term or long-term changes are immediately reflected by the change in plank-
tonic community [26,27], as they are self-sustaining, constituting the important components
of the microbial loop while channeling carbon and energy from microbes to higher trophic
levels by joining the classical food web [14,28–30] in aquatic ecosystems. The microbial loop
explains pathway of carbon flow through nutritional food web that begins with dissolved
organic matter (DOM) and reaches to the highest trophic levels bypassing some and pass-
ing through various trophic levels. The main stakeholders of the microbial loop include
bacteria, zooplankton, phytoplankton, and other nutrient-cycling organisms [14,30,31]. The
relative densities of bacterivorous, herbivorous, carnivorous, and omnivorous zooplankton
are a reliable indicator of the functioning of the microbial loop and of ecosystem health on
the spatial scale [32,33]. The zooplankton community comprises diverse feeding groups,
such as bacterivores, detritivores, herbivores, and carnivores [34–36], forming a bridge
between the microbial loop and classical food web. Information concerning co-occurrence,
distribution, and community composition of the prokaryotic and eukaryotic plankton in the
HRE is lacking [37,38]. The spatiotemporal variations of planktonic communities are highly
affected by the hydrochemical parameters and physical forces [26,27,39–41]. Therefore, ma-
jor components of microbial loop, i.e., bacterioplankton, phytoplankton and zooplankton,
are likely to be affected by these activities. However, their co-occurrence and distributional
patterns have not been studied in the HRE at a spatial scale ranging from fresh water to
the estuary mouth. The knowledge of bacterioplankton–zooplankton co-occurrence is very
essential, as zooplankton might act as a biotic selector for a specific microbial loop [42].
Bacterioplankton in the present study include culturable strains only because isolation
of microbes is still necessary for the extraction of bioactive compounds [43], and this is
accomplished by culture-based technique. Descriptions of new taxa of prokaryotes and
experimental validation of microbial, ecological, and evolutionary processes are reliably
based on culture based techniques. Therefore, this study isolated culturable bacterial strains
and concentrated on culture-based methods.

The present study aims to elucidate the heterogeneity and co-occurrence of planktic
community along the salinity gradient ranging from freshwater to the estuary mouth and
ecological drivers shaping the planktic community structure in the HRE. To achieve these
objectives, the study identified the ubiquitous nature and heterogeneity in distribution
patterns of aquatic biological communities, including bacterioplankton, phytoplankton,
and zooplankton (Rotifera, Cladocera, and Copepoda), at spatial scales during October
2017, February 2018, and June 2018 in the HRE, India. The samples were collected at six
sites along the main salinity axis (0.1 to 25 PSU), from Barrackpore before the metropolis
Kolkata to the estuary mouth. To elicit whether the co-occurrence or abiotic parameters are
responsible for differential distribution patterns, we estimated water quality and micronu-
trient concentrations at all the six sites. At stations where higher correlation coefficient
values for Bacteria vs. Rotifera abundance ((R = −0.76) were recorded, we isolated the
bacterial strain with >50% occurrence for further characterization.
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2. Materials and Methods

2.1. Study Site

The HRE is a part of Ganga River system that originates from Bhagirathi (upper
stretch), flows southwards through the lower Ganga deltaic plane, and merges with the Bay
of Bengal in Sundarbans as the Hooghly River in West Bengal, India (Figure 1). Kolkata
city, one of the largest metropolises along the Hooghly River, having a population of about
14.5 million, utilizes the river water for drinking and domestic and industrial purposes
and also discharges sewage and sludge into the river [44]. Beginning upstream of the
metropolitan city of Kolkata and downstream to the confluence, six sampling sites were
chosen comprising the agricultural-industrial-anthropogenic and riverine (salinity: 0.1 to
0.45 PSU)-estuarine (salinity: 4.32 to 24.6 PSU) salinity gradient along the HRE (Figure 1).

Figure 1. Geographic distribution of sampling sites along the Hooghly River estuary. Red triangles
indicate the location of six sampling stations from Barrackpore to the confluence at Gangasagar (Bay
of Bengal).

Sampling of surface water was performed at three riverine and three estuarine sites
during the post-monsoon season, i.e., October 2017 and spring–February 2018, the and pre-
monsoon season, i.e., June 2018, in the HRE (Figure 1). Samples were collected in cleaned
polypropylene bottles from the surface to 20 cm depth for physio-chemical, bacteriological,
phytoplankton, and zooplankton analysis. The details of sampling sites, abbreviations used
hereafter, and common stressors at each site are provided in Table 1.

2.2. Environmental Parameters

In total, we collected 72 surface water samples in pre-cleaned, acid-washed polythene
bottles for water quality analyses during the three sampling cruises. The salinity was
determined by Hanna Instruments HI98319 marine salinity tester, as salinity has influence
on the demography of zooplankton [45]. For the determination of dissolved oxygen,
the Winkler titration method was used. Surface water temperature was measured using
a mercury glass thermometer. The flow rate was measured by mechanical flow meter
(hydrobios model 438110) The dissolved nutrients (nitrate and phosphate) were estimated
by colorimetric methods (following [46]) using a spectrophotometer (PerkinElmer UV/VIS
Spectrometer Lambda 25, Waltham, MA, USA) after filtering the water through 0.45 μm

91



J. Mar. Sci. Eng. 2023, 11, 88

filter paper (GF/F-Whatman, Maidstone, UK) within 12 h of sampling, and the filtered
waters were stored in 100 mL pre-cleaned, acid-washed polythene bottles at 4 ◦C. All the
parameters were analyzed following the standard procedures for water sampling and
examination of water quality [47].

Table 1. Ecological stressors, abbreviations used, and coordinates of the six stations in the HRE
sampled during October 2017, February 2018, and June 2018 for the present study.

Sampling Stations
(Code)

Coordinates
Altitude
(ft) ASL

Salinity (PSU)
Trophic Status

N:P Ratio
Ecological Stresses

Barrackpore
(BRK)

22.75272◦ N 88.36212◦ E
(Gandhighat) 13.12 0.1–0.42

13:0.04

Industrial effluents, domestic sewage
disposal, boating, bathing, occasional

Immersion of idols

Dakshineshwar
(DKS)

22.65643◦ N 88.35682◦ E
(Dakshineshwarghat) 9.8 0.14–0.45

(18:0.092)

This site is 128 km away from the sea
mouth of the river and has an

estuarine condition due to significant
tidal oscillation of ∼3 m. Here, the

river flows through the densely
populated region in Kolkata city.

Mostly untreated sewage disposes
into river water near Dakshineshwar
ghat. The river water is also accessed
for washing, bathing, and for many

religious rituals

Kadamtala
(KDM)

22.565◦ N 88.3387◦ E
(Kadamtalaghat) 3.2 0.13–0.45

(14:0.052)

Bathing, Washing clothes, domestic
effluents, ferry service, spiritual
rituals, immersion of idols, oil
leaching, leakage of oil from

mechanized boat.

Kakdwip
(KDP)

21.87208◦ N 88.16383◦ E
(Harwood Point

Ferry service)
0 4.32–10.64

(43:0.10)
Frequent dredging, boating,

fishing, etc.

Kachuberia
(KCB)

21.85903◦ N 88.14433◦ E
(Kachuberiaghat
Near govt. Jetty

Gangasagar)

0 6.29–17.79
(60:0.18)

Frequent dredging, boating,
fishing, etc.

Gangasagar
(GS)

21.63307◦ N 88.07498◦ E
(Gangasagar Mohana

sea Beach)
0 13.09–24.6

(74:0.33)
Boating, tourist activities,

dredging, fishing

2.3. Bacteriological Analysis
2.3.1. Enumeration, Isolation, and Characterization of Culturable Bacterial Strains

To study the bioactive potential for further prospecting, we estimated culturable
bacterial concentrations and isolated the most culturable strains from three different sites.
Five replicates of the water samples were collected in sterile polypropylene bottles from
the surface to 15–20 cm deep and transported to the laboratory at 4 ◦C in an icebox
(Table 1; Figure 1) during October 2017, February 2018, and June 2018. In the laboratory,
water samples were stored at −21 ◦C until further processing. In the laboratory, bacterial
concentrations were estimated by direct plate count method following [48]. The surface
water samples, collected from different sites along an anthropic gradient in the HRE, were
spread on media plates. Total bacterial density (colony forming unit: CFU mL−1) was
enumerated on nutrient agar plate, which was incubated at 37 ◦C for 24 ± 1.5 h [48]. The
bacterial counts obtained were used to estimate the number of bacteria grown on the media
plates used for DNA extraction. Colonies with different morphologies were subcultured
into pure cultures by inoculating them into freshly prepared agar plates [49]. The most
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abundant colony at each of the three sites was recorded for subsequent identification and
statistics. At two sites, BRK and DKS were recorded for relatively higher abundance of
bacterivorous zooplankton and higher strength of association between bacterioplankton
and zooplankton. With an aim to identify highly abundant bacterial colony at these three
sites (BRK, DKS, and GS), we isolated the bacterial colony with 50–70% occurrence and
further cultured for sequencing and phylogenetic analysis [48,50].

2.3.2. Clustering, Alignment, and Phylogenetic Analysis of 16S rRNA Gene Fragments in
Most Culturable BRK2, DKS, and GS1 Bacterial Strains

DNA from the bacterial culture—BRK2, DKS, and GS1 strains—was isolated using the
bacterial gDNA isolation kit (XcelGen, Gujarat, India). Isolation of DNA was carried out
according to manufacturer’s instructions. First, 1.2% agarose gel was used to evaluate the
quality of isolated DNA, and a single band of high-molecular band of the PCR amplicon
was detected (Figure S1). Amplification of isolated DNA was performed with 16S rRNA-
specific primer (8F and 1492R) using Veriti® 96 well thermal cycler (Model No. 9902,
Thermo Fisher Scientific, Waltham, MA, USA). Sanger sequencing was performed using
BDT v3.1 Cycle sequencing kit with M13F and M13R primers on ABI 3730xl Genetic
Analyzer was performed after the PCR amplicon was enzymatically purified. A consensus
sequence of 1284, 1465 bp, and 1487 of 16S rRNA was generated by using aligner software
from forward- and reverse-sequence data. The consensus sequence of all the three strains,
accession numbers, and origin are shown as Table S1. All nucleotide sequences were
deposited at the National Center for Biotechnology Information (NCBI) strain library with
accession numbers provided in (Table S1).

The evolutionary history was inferred by using the maximum likelihood method and
Tamura–Nei model [51]. The tree with the highest log likelihood (−10,338.41, −10,518.13,
−10,395.19) is shown, respectively, for BRK, DKS, and GS strain. Initial tree(s) for the
heuristic search were obtained automatically by applying neighbor-joining and BioNJ
algorithms to a matrix of pairwise distances estimated using the Tamura–Nei model and
then selecting the topology with superior log likelihood value. This analysis involved
61 nucleotide sequences. There were a total of 1284, 1465, and 1484 positions in the final
dataset of each strain (BRK, DKS, and GS). Evolutionary analyses were conducted in
MEGA11 [52].

2.4. Phytoplankton Analysis

For qualitative analyses, five replicates of 1 L surface water samples were preserved in
neutral Lugol’s solution (1% Lugol’s solution and 4% formalin) and brought to the labora-
tory for species identification. In the laboratory, samples were concentrated 10 times by
centrifugation, and algal cells were observed on a Sedgewick rafter cell under a compound
microscope (10×–400× magnification), and abundant species were identified using the
standard key [53–57] and AlgaeBase (www.algaebase.org (accessed on 12 July 2018)) [56].
The amount of primary productivity was estimated in terms of chlorophyll a (Chl a). Chloro-
phyll pigment was analyzed through extraction using a mixture of dimethyl sulfoxide
and 90% acetone [58] and enumerated by spectrometry using a Turner TD-700 fluorimeter
(New York, NY, USA) following the standard method [46,59].

2.5. Zooplankton Analyses

Zooplankton samples were collected by making surface tows (0–20 cm) with a cus-
tomized plankton net with 53 μm mesh size, 0.25 m mouth diameter, and preserved in 4%
(w/v) buffered formalin immediately after collection in a 100 mL transparent bottle. At
each site, 100 L water was filtered in five replicates. In the laboratory, the plastic bottles
containing preserved zooplankton were thoroughly mixed, and a 1 mL subsample was
drawn with a fine pipette to a Sedgwick–Rafter plankton counting cell for enumeration
under the compound microscope (model no: Olympus CX21LED, Bartlett, TN, USA). The
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numbers per liter of each genus was quantified and calculated using the following formula:

N =
A × C

L
where N denotes the number of plankton per liter, A is the average number of plankton in
all counts, C is the volume of original concentrate in ml, and L is the volume of original
water filtered, expressed in liters. Zooplankton species were identified to their lowest
possible taxon [60–66].

Trophic-Based Zooplankton Community Analysis

Based on the published literature (Supplementary Table S5) and our own observa-
tions on propensity of feeding [35,67–71], the zooplankton communities identified at each
station were characterized on the basis of functional feeding mode. Different fractions of
zooplankton representing bacterivorous, herbivorous, carnivorous, and omnivorous types
were segregated following standard literature [34–36,69,71–78] and analyzed separately.

2.6. Data Analysis

To elicit variations at spatio-temporal scales, the similarities of community composition
among the sampling stations for each sampling date and also among sampling dates were
compared. We first determined the centroid vector that represents the average composition
of the group/species. Spatial heterogeneity was estimated using the mean and standard
deviation of the similarities from the estimated similarity vector. We calculated the Bray–
Curtis index to characterize the dissimilarities between samples (β-diversity). Square-root-
transformed species abundance data were used for constructing the Bray–Curtis matrix of
dissimilarity with average linkages group classification [79]. As the Bray–Curtis similarity
mixes the differences due to species losses and species turnover, we also partitioned this
index to understand both components of dissimilarity. For abiotic parameters, the distance
between two samples was measured by Euclidean distance (ED), as ED is more appropriate
for a low-dimensional data set [79].

To characterize the zooplankton diversity present in each sample (α-diversity), we
calculated the Shannon diversity index (H′) (H′ = −Sum(Pi × Log(Pi)) (Shannon, 1948),
evenness index (J′) (J′ = H′/Log(S)) [80], and species richness (d) (d = S − 1/Log(N)) [81].
To determine the variations among samples, non-metric multidimensional scaling (NMDS)
ordination was computed based on Euclidean distance [82]. To identify the drivers of
species abundance, pairwise correlation of water quality, and biotic parameters, the degree
of a linear association between any two of the parameters was measured using Pearson’s
correlation coefficient (R). To test the distribution of data, the Shapiro–Wilk test of normality
was used, and outliers were detected using scattering plot prior to Pearson’s correlation
analysis. Highly correlated parameters that may influence the community structure were
identified. Indexes of dissimilarity, Shannon’s index (α-diversity), Pielou’s index (evenness),
and Euclidean distance were calculated with PRIMER-version 6.0.

3. Results

3.1. Spatio-Temporal Patterns

All the estimated abiotic (Figure 2) and biotic (Figure 3) parameters except DO level,
rotifer (Figure 3B), and cladoceran abundance, showed significant seaward increase; in
contrast, the rotifer abundance showed a significantly seaward decreasing trend (R2 = 0.6;
p < 0.0001).

3.2. Physicochemical Parameters

The surface water temperature ranged from 26–29 ◦C with an average of 27 ◦C and
recorded a significant (R2 = 0.3; p < 0.02) seaward increase (Figure 2A). The highest aver-
age concentration of Ca++, Na+, and K+ was found at the mouth (Figure 2A–C; Table S2).
The trophic level-related parameters (nitrate, phosphate, bacterial concentration, and
Chl a) showed higher values in the estuarine stations (Table S2; Figure 2J,K); however,
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the mean Chl a level was the highest at KCB station preceding the GS (Figure 3C). The
dissolved oxygen concentration ranged from 6 to 8.2 mg·L−1 but had disorderly spatial
variation. The flow rate of the Hooghly River was recorded 0.3 m·s−1 in February and
1 m·s−1 in August.

Figure 2. Seaward trends of selected physical parameters estimated for the present study at six
sampling sites (Table 1) during October 2017, February 2018, and June 2018, including (A) temper-
ature, (B) pH, (C) salinity, (D) electrical conductivity, (E) total dissolved solids, (F) total hardness,
(G) calcium, (H) sodium, (I) potassium, (J) nitrate, and (K) phosphate.

3.3. Phytoplankton

The phytoplankton species recorded in the sampling stretch were Pediastrum, Spirogyra,
Coscinodiscus, Cyclotella, Melosira, Ankistrodesmus, Aulacoseira, Coelastrum, Microcystis, Oscil-
latoria, Anabaena, Aphanocapsa, Coscinodiscus radiatus, Pleurosigma formosum, Coscinodiscus
lineatus, Biddulphia sinensis, and Chaetoceros lorenzianus (Table S3). The mean Chl a concen-
tration varied from 29.1 mg L−1 to 219.9 mg L−1, showing significant increase towards the
river plume; the mean Chl a concentration was the highest at KCB station preceding the
confluence GS (Figure 3C). The Chl a values showed positive correlation with all the abiotic
parameters; however, a significant positive correlation was recorded with nitrate (R = 0.79)
and Ca++ ion concentration (R = 0.76). With biotic components, the significant negative
correlation was recorded between Chl a values and zooplankton abundance (Table S6).
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Figure 3. Seaward trends of selected biological parameters estimated for the present study at six
sampling sites (Table 1) during October 2017, February 2018, and June 2018 including (A) Rotifera,
(B) bacterial density, and (C) chlorophyll-a.

3.4. Zooplankton Community Structure

The symmetric map of all the parameters estimated, in rows and columns in principal
coordinates, is given in Figure 4, in which the response category points to separate stations
on an ordinal scale. Looking at the spatial scale with respect to the horizontal principal
axis, all the zooplankton community at all the riverine stations aggregated together on the
right side, whereas the last station at the confluence was set aside from other stations and
positioned on the left, showing higher variation among sampling seasons (Figure 4).

Figure 4. Non-metric multidimensional scaling (NMDS) of all the 18 samples collected from HRE,
measured by the Euclidean distance.
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The right extreme position of all the riverine samples and their unique position in the
middle of the second (vertical) axis indicates that the responses are more in the intermediate
categories of the scale rather than a mixture of extreme responses at the temporal scale
(Figure 4). The scale values of these samples optimally discriminate between the 18 samples
(6 stations × 3 seasons), giving maximum between-sample variance. The second dimension
then separates out samples on the basis of seasons, and all the estuarine samples collected
in February are polarized towards the top. Upstream estuarine stations (KCB and KDP)
aggregated inside, where both extremes of the response scale as well as the missing response
are located (Figure 4). As a result, samples were arranged in the ordination of downstream
confluence to freshwater stations from left to right. All KDP samples and KCB October
samples are in a unique position inside, with relatively high polarization of responses and
high missing values. Their position in the middle of both axes reveals more responses
in the scale’s intermediate categories rather than a mixture of extreme responses at the
spatiotemporal dimension. Figure 4 depicts the principal inertias at the positive ends
of each axis, which were measured by adding together the percentages of inertia, i.e.,
63.1% + 13.3% = 76.4%. This shows a “residual” of 23.6%, which is not shown in the map.

The unique right-side positioning of all the riverine stations may be attributed to the
presence of rotifers (0.09 ± 0.14) and cladocerans (5.4 ± 8.87) in dL−1, captured at upstream
freshwater stations only, whereas copepods were present at all stations (Figure 5A). Inte-
grating all zooplankton samples (Figure 5A; Table S4) were dominated by the Copepoda
(92%) followed by Cladocera (7%) and Rotifera (1%). Total zooplankton abundance was
more affected by seasons and showed a disorderly distribution among stations. Zooplank-
ton density showed a peak in February (beginning of spring) at all sampling stations except
KDM, where the peak was recorded in June samples (Figure 5A). The peak of the total
zooplankton abundance was mainly contributed by the copepods at all stations (Figure 5A).
At the three riverine stations, the rotifer densities were significantly lower during the
peak of the total zooplankton abundance (Figure 5A). The indices of diversity, richness,
and evenness of zooplankton recorded at six selected stations in the HRE are provided in
(Figure 5B–D).

Figure 5. Percent (%) composition of Rotifera, Cladocera, Copepoda, and total zooplankton abun-
dance (L−1) (A), Shannon–Wiener index of diversity (B), species richness (C), and Simpson index
for evenness (D) of zooplankton, recorded during October 2017, February 2018, and June 2018 at six
selected stations in the HRE.
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The heterogeneity at the spatial scale was estimated by the Bray–Curtis similarity
matrix, which was observed to be higher than the heterogeneity at the temporal scale
(Figure 6). It shows that the average similarity between all sampling dates was higher than
the average similarity between the stations on a single sampling date. The cluster analysis
gives further insights into the relative role of seawater and freshwater in shaping the
community structure and segregate stations accordingly (Figure 6). The first hierarchical
level separates the June samples of DKS and KDM and February samples of the two
uppermost stations (BRK and DKS) from the remaining samples at 90% dissimilarity,
from which June samples of DKS were separated at the second hierarchical level at 75%
dissimilarity. June samples of DKS mainly represented the Cyclopoida adults, copepodites,
and the Cladocera Moina macrocopa, whereas February samples of upper two stations and
June samples of KDM grouped together and represented copepod nauplii, cyclopoids, and
calanoids. The June samples of BRK, KDP, and KCB grouped together and separated at the
third hierarchical level, whereas the February samples of all the estuarine and lowermost
riverine (KDM) stations grouped together and separated at the fourth hierarchical level.
Samples collected in February 2018 at the three estuarine stations and the lower most
riverine (KDM) station grouped together and separated from remaining samples at the
hierarchical level V (VIIB). The highly indicative zooplankton of cluster VIIIB are copepod
nauplii and harpacticoids (Figure 6). This cluster clearly indicates further upward intrusion
of the marine community in February. All the October samples aggregated at intermediate
position and showed clear separation of riverine and estuarine stations (Figure 6). October
samples showed distinct spatial variations, where riverine samples were separated from
estuarine samples at the fifth hierarchical level, and the June samples of GS (estuarine
mouth) joined this cluster (Figure 6).

Figure 6. Bray–Curtis similarity of zooplankton and most abundant taxa for each cluster at six
sampling stations during (October 2017, February 2018, and June 2018) in the HRE.

The trophic-based structuring of the zooplankton community revealed that the com-
munity was dominated by the omnivores followed by the herbivores and the bacterivores,
respectively (Figure 7A–C). Variations in trophic-based community structure were more
prominent at the spatial scale than the temporal scale. Bacterivorous and detritivorous
species were recorded at upper stations and limited to KDP, whereas downstream stations
mainly represented the omnivorous copepods (Figure 7A–C). Detritivores were mainly
represented by the bdelloid rotifers at BRK and DKS. Differences in bacterivorous frac-
tion of zooplankton community were not significant among the three riverine stations
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(Figure 7A–C); however, at temporal scale, February samples recorded significantly lower
fractions of bacterivorous zooplankton at all the three riverine stations.

Figure 7. Percent (%) composition of zooplankton trophic guild at six sampling stations during
October 2017 (A), February 2018 (B), and June 2018 (C) in the HRE.

3.5. Bacteriological Analyses

Total culturable bacterial density CFU mL−1 varied from 0.06 to 300 × 105 CFU mL−1

at six selected sampling stations during October 2017, February 2018, and June 2018 in
HRE. With the lowest bacterial concentration at Barrackpore and the highest at Gangasagar,
unique spatial differences and significant seaward (R = 0.66 p < 0.0028) increase in density
of culturable bacteria were recorded in the present study (Figure 8).

Figure 8. Total Rotifera (Ind L−1), bacterial density (CFU mL−1), total zooplankton abundance, and
Chl a recorded in October 2017, February 2018, and June 2018 at six sampling stations in the HRE.
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Overall bacterial densities were higher at downstream stations (KDP, KCB, and GS)
than the upper freshwater stations (BRK, DKS, and KDM). Amongst upstream stations,
bacterial densities were negatively correlated with total rotifer density and Chl a concen-
tration; however, the correlation was significant for Bacteria vs. Rotifera abundance only
(Figure 9; Table S6, p < 0.01). The most abundant culturable strains were Bacillus subtilis,
Pseudomonas songnensis, and Exiguobacterium aurantiacum, respectively, at BRK, DKS, and
GS (Figure 10).

Figure 9. Most dominant bacterial strains Bacillus subtilis (A), Pseudomonas songnenesis (B), and
Exiguobacterium aurantiacum (C) isolated from three selected sampling stations (BRK, DKS, and GS) in
the HRE.

Figure 10. Phylogenetic analysis of Bacillus subtilis (A), Pseudomonas songnenensis (B), and Exiguobac-
terium aurantiacum (C) with their twelve different orthologues, isolated from three selected sampling
stations (BRK, DKS, and GS) in the HRE.
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3.6. Characterization of Highly Abundant Bacterial Taxa at BRK, DKS, and GS

The branch lengths and topology of a phylogenetic tree of the isolated strains were
attained by the maximum likelihood technique. The phylogenetic trees were formed based
on evolutionary distance data of 16S rRNA gene sequences. The tree shows the integrated
relationship of the isolated strains with most similar Gangetic bacterial species genes based
on highly similarity 95–100% taken from the 12 different Gangetic samples generated by
illumine and Nanopore sequencing platforms Figure 10A–C.

3.7. Interrelationship among Taxa

The pairwise multiple correlations among means are summarized in Table S4. The
total zooplankton abundance showed negative correlations with all other parameters,
recording maximum strength of association with Chl a, but the values were not statistically
significant. Zooplankton taxon-specific correlation with Chl a gives insight, explaining the
group-wise differential relationship: Rotifera (R = −0.67; p < 0.01) and Cladocera (R = −0.43;
p < 0.05) showed a significant negative correlation with Chl a, whereas Copepoda (R = −0.4;
p < 0.1) did not correlate significantly with Chl a. Among freshwater stations, Cladocera
and Copepoda exhibited significant positive correlations in all the three sampling cruises.
Rotifera concentration correlated negatively with bacterial concentration, pH, EC, salinity,
nitrate, phosphate, and Ca++ levels (Table S6). Among biotic components, Chl a values were
in a core position, showing negative correlation separately with all the three zooplankton
groups, whereas the bacterial concentration showed significant negative correlation with
rotifer fraction of the zooplankton only (Table S6).

4. Discussion

The observed spatio-temporal variations in zooplankton, phytoplankton, and bacterio-
plankton concentrations and the interrelationship among taxa and spatial occurrence of the
most abundant culturable bacterial strains in the HRE along the salinity level ranging from
0.01 to 25 (PSU) unequivocally confirm the complex nature and dynamicity of the estuary.
The local complexity and seaward gradient of nutrient concentrations, salinity, turbidity,
and Chl a [7,41,83] have been demonstrated in various estuarine ecosystems globally. The
strength of association between zooplankton (separately with Rotifera, Cladocera, and
Copepoda) with bacteria and Chl a in the present study provide additional insights into
relative role of bacterial and algal carbon in supporting zooplankton community in highly
dynamic, tropical estuary such as the HRE.

4.1. Interrelationship among Taxa

At upper stations, the rotifer community, recording lower abundance with higher
diversity, exhibited significant negative correlation with bacterial concentrations, albeit
bacteria and rotifer showed an overlapping relationship with abiotic parameters (e.g., pH,
EC, salinity, TDS, nitrate, phosphate, and Ca++). Similar physical requirements though
significant negative correlation between Bacteria and Rotifera reflect strong grazing pres-
sure by Rotifera on prokaryotes. On the other hand, the negative correlations of Chl a
concentration with total zooplankton abundance in general and separately with all the
zooplankton groups in particular suggest that zooplankton placed major grazing pressure
on the phytoplankton community in the whole HRE. The prokaryotic community is con-
trolled by the smaller zooplankton, particularly Rotifera, at the upstream stations. The
majority of rotifers are filter-feeding and nanophagous which substantially utilize smaller
organisms of the microbial web (bacteria and nano-flagellates and -ciliates) and are able to
thrive on bacteria in eutrophic waters [32,84]. Earlier studies have reported the key role of
autotrophic protists in shaping the zooplankton community structure by forming the base
of food chain in the estuarine ecosystem [85,86].

The observed gradient in taxonomic diversity of zooplankton along the river to the sea
continuum has also been reported in other estuaries [1,41,87]. The differences between the
bacterial community in freshwater and estuarine systems can be explained by the fact that
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the freshwater microbial community are directly under grazing pressure by the smaller
zooplankton such as Rotifera, whereas at and around the confluence, microbial abundance
is mainly controlled by the grazing pressure from developing stages of larger zooplankton
or trophic cascade effect, where bacterivorous flagellates are grazed by Copepoda [85,88,89].
In line with this, previous studies have related microbial growth rates with rotifer grazing
effects [90–93]. It may be noted that omnivores are a major controlling factor in estuarine
stations, and this higher abundance of omnivorous zooplankton in downstream saline
stations offsets the trophic cascade effects, resulting in higher bacterial abundance. The
weak association of copepods with Chl a indicate bottom-up functioning of trophic cascade
in estuaries. Omnivore-driven dampening of trophic cascades has been reported in other
estuaries also [89,94].

4.2. Ecological Drivers of Planktonic Community Structure

The dissimilarity between sites (β-diversity) may reflect two different ecological
situations: (i) It could reflect the loss of species from one site compared to the other. In this
situation, the species present at one site are nested inside a larger set of species present at the
other site. Alternatively, the following site records none of the species recorded at preceding
site. In the latter case, there is a complete turnover of species between the two sites. In the
HRE, both events occur concurrently, and the Bray–Curtis index takes into account both the
components of dissimilarity. Further, in a distance-based multivariate model, variability
among 72 samples based on riverine and estuarine locations was consistent with the main
drivers, with salinity itself explaining 39.6%, 40.9%, and 37.4% variability, respectively,
for rotifers, bacteria, and Chl a concentration. The freshwater-seawater salinity range is
not continuous but rather subdivided in distinct stages, which is generally manifested in
planktonic abundance [95]. The extensively used salinity classification is the Venice system
that is 0–0.5, 0.5–5, 5–18, 18–30, and 30–40 (PSU). Further, based on salinity-range data,
ref. [96] explained five salinity zones including 0–4, 2–14, 11–18, 16–27, and 24-marine. The
present results based on explicit criteria of planktonic abundance along with the salinity
range support the salinity classification by [96].

Surface water temperature increased downward from 26 to 29 ◦C with the average
temperature value of 27.3 ◦C and showed significant positive correlation with bacteria
and Chl a concentration. The role of temperature in maintaining planktonic community
and invasion of alien species in estuary has been emphasized earlier [95]. Nutrient-
related parameters (nitrate and phosphate) and TDS explain the higher abundance of
Rotifera in upstream stations, where 56% of the factors determining Chl a concentration
is the nitrate level and 52% of the factors contributing higher bacterial concentration is
explained by the phosphate levels in the surface water. These microbes can use nitrate
reductase, nitrite reductase, glutamine synthetase, and other compounds for nitrogen
assimilation [97,98].

Ionic concentrations also show a vital role in unravelling the zooplankton, phyto-
plankton, and bacterioplankton community structure [99–101]. Hence, the discernible
spatial distribution of most abundant bacterial strains and higher bacterial concentration at
downstream stations can be explained by differential sodium and calcium requirements in
bacterioplankton and phytoplankton. Freshwater and halophilic bacteria have overlapping
physiological attributes but different sodium requirements. The marine strains require
higher sodium and calcium level to grow, while freshwater and terrestrial strains such as
E. coli can multiply at a higher rate without sodium [102]. In an estuary, the riverine and
marine bacterial species, having ecologically similar physiological abilities but different
sodium requirements, favor the halophilic strains (e.g., Exiguobacterium aurantiacum in
present study) when freshwater from rivers enter the sea, as the sodium and calcium de-
pendence does not constitute a fundamental ecological difference; rather, it only regulates
the locally adapted strains responsible for them [42].

102



J. Mar. Sci. Eng. 2023, 11, 88

4.3. Spatio-Temporal Pattern

The lowermost riverine station is KDM, which grouped with upper freshwater stations
during June 2018 and, in contrast, grouped together with lower estuarine stations during
February 2018 (Figure 6). On the other hand, the clustering of June samples of upper
two estuarine stations with freshwater stations is suggestive of a monsoon-based regime
shift in the Hooghly estuary. A higher volume of freshwater discharge owing to pre-
monsoon rainfall results in seaward extension of riverine biota, whereas in the case of
lower discharge and reduced river flow during February, it leads to upward extension of
marine biota into a lower freshwater station (KDM). The association of October samples
of the KDM station was with the estuarine stations and February and June samples with
upstream freshwater stations. This gives an insight in the seawater intrusion process in the
HRE. This differential grouping of lower freshwater station with saline stations and with
freshwater stations depending upon the season highlights the importance of stratification
based on salinity in the suppression of turbulent vertical mixing in the estuary. In February
and June, weak stratification and strong vertical mixing prevails during this period, and
the riverine discharge counters the seawater intrusion. During the monsoon, the strength
of the estuary circulation increases as river discharge rises, while the length of seawater
intrusion diminishes. However, in October, during post-monsoon season, the suppression
of turbulent mixing and the strength of the estuarine circulation is mostly determined
by tidal velocity. Seawater incursion associated with estuary circulation reduces as tidal
velocity rises but increases when river discharge rises [103]. In fact, Monsoon flows affect
all facets of estuarine hydrobiology and community structure. In the light of monsoonal
influence, the HRE may be called a “tropical monsoonal estuary” [104]. The monsoonal
precipitation-driven rapid decline of salinity and surface runoffs limits the distribution
of marine forms, whereas the intermediate condition favors rapid multiplication of the
brackish water forms and re-assemblage of the halotolerant groups, thereby resulting in
the shifting regimes of transitional stations. This explains the seasonal shifting of the KDM
station from freshwater to salt water, as observed in the present study. Other studies have
shown the relevance of inshore water zones as zooplankton sources in large rivers such
as the Danube [105,106] and St. Lawrence rivers [107]. Estuarine ecosystems in India
show two peak periods, and peak time varies from region to region [108]. The present
observation corroborates the previous results, in which two peaks were recorded in different
months [18,109,110]. The spatial attributes of rivers are not always continuous [111], as
proposed by [112]. Local land-driven discharge, changes in drought and flood regimes, and
the establishment of diverse hydrological retention zones [113,114] (due to silt deposition)
alter flow and river beds differentially during dry and wet seasons [113,115,116]. Therefore,
results suggest that the phytoplankton, zooplankton, and bacterioplankton dynamics in
the HRE are controlled by the interplay of hydrological regime, nutrient concentrations,
and allochthonous inputs.

4.4. Spatial Occurrence of Highly Abundant Bacterial Strains

Bacterial study includes culture-based evaluation because studying morphology, ecol-
ogy, bioprospecting for human use, and bioremediation for the purpose of culture-based
isolation is practiced globally [117]. Consequently, while many environmental studies focus
on large descriptions of microbial diversity through whole genome sequencing (WGS)
approaches, other environmental studies rely on culturing approaches to estimate the
abundance of a given culturable taxa in the environment. Both approaches are usually
performed independently, and this does not allow direct comparison of the benefits and
constraints of both methods. However, the culture-based approaches select only a subset
of culturable bacteria, and it remains unclear to what extent culture-driven enrichments
could be compared between different environmental samples. The present study depends
on culture-based analysis, in which the upstream stations BRK and DKS recorded Bacil-
lus subtilis and Pseudomonas songnenesis strains, and the lowermost station GS recorded
Exiguobacterium aurantiacum as the highly abundant bacterial strain. The presence of soil

103



J. Mar. Sci. Eng. 2023, 11, 88

bacteria in upstream stations indicate the influence of land driven allochthonous discharge
as the major contributory factor of bacterial abundance, which enters the aquatic food chain
by the microbial degradation and remineralization and its recycling within the pelagic food
web. Bacteria are the only organisms capable of recycling DOM, making them an essential
component of ecosystem functioning [85]. The differences in bacterial populations could
be due in part to differences we observed in DOM and DOC quantity and quality among
the three samples, as it has previously been shown that DOM and DOC strongly structure
bacterial communities in aquatic environments [118–120].

The differences in bacterial abundance can also be attributed to differential abundance
and community composition of zooplankton, as they utilize bacteria directly or indirectly
through many other bacterivorous organisms and establish the link to the traditional aquatic
food web [121]. Consequently, ecological productivity in estuaries is affected by both top-
down and bottom-up mechanisms. Top-down controls, such as meso-zooplankton grazing,
may decrease micro-zooplankton populations, enabling phytoplankton species to bloom
and altering the overall structure of the microbial community [87,121–123]. At riverine
sites around Kolkata city, strong top-down effects are major regulators of bacterioplankton
abundance by bacterivorous organisms [124]. Additionally, the lower rotifer abundance
during the peak of copepod abundance at upstream freshwater stations is also suggestive
of top-down control of rotifers by copepods [41,67,125,126]. In contrast, the dominance
of omnivorous and herbivorous fractions of zooplankton and higher Chl a and bacterial
concentrations near the estuary mouth reflect strong bottom-up impacts, where the nutrient-
loaded environment favors microbial and phytoplankton growth that supports omnivorous
species and all the trophic guilds in the absence of a distinct trophic cascade [89,93,127].

The bacterial abundance and physicochemical parameters, particularly nutrient con-
centrations and differential abundance of rotifers and cladocerans, are indicative of land-
driven allochthonous influence from urban discharge of the metropolis city of Kolkata.
The highest Chl a and Na+ at KCB preceding the confluence (GS) attest to the established
facts that estuaries, particularly the mixing zone, are the most productive ecosystem and
constitute an important system that provides valuable nursery and recruitment ground for
commercially important species. However, with the development of sequencing technolo-
gies, further study is needed to elucidate the potential novel functions and phylogenetic
relationships by sequencing the genomes of entire communities to understand relative
contribution of bacterial community in HRE.

The instant change in community structure recorded in this study at lower salinity
levels suggests the potential for underlying change in the oligohaline or limnetic stretches.
In line with successful management of the San Francisco estuary based on isohaline condi-
tion [128], the present results indicate management options for the HRE, recommended as
limited withdrawals to fixed fraction of total river flow beyond a minimum flow thresh-
old [129]. The concerned administration needs to fix a minimum flow target in accordance
with ideal region-specific isohalines in the estuary.

5. Conclusions

The zooplankton, phytoplankton, bacterioplankton, and abiotic parameters re-
ported in this paper elucidate the patterns and drivers of differential community struc-
tures across the salinity gradient in the HRE. Among zooplankton, rotifers and cladocer-
ans are numerically dominant and exert strong selection pressure on bacterial community
and clear the suspended particles from the water column at upstream stations, whereas
copepods play a major role in structuring microbial community at downstream estuar-
ine stations. The negative correlation between Chl a and bacterial abundance, though
insignificant, points to the competition for inorganic nutrients between phytoplankton
and bacteria. Spatial variations in the trophic-based zooplankton community structure
also suggest differential effects of direct bacterivore behavior by rotifers and omnivore-
driven, suppressed trophic cascade effects through copepods, both of which concurrently
play an important role in shaping the HRE community. The abiotic parameters such
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as surface water temperature; elemental concentrations of Ca++, Na+, and K+; and the
trophic level-related parameters (nitrate and phosphate) record significant seaward in-
crease, which in turn reflects the increased concentrations of bacteria and Chl a (primary
production) at downstream estuarine stations.

The three isolated strains of the most culturable bacteria at Barackpore, Dakshineshwar,
and Gangasagar, characterized as Bacillus subtilis, Pseudomonas songnenesis, and Exiguobac-
terium aurantiacum, indicate differential influences of land-driven discharge and spatial
heterogeneity in the prokaryotic community structure. The observed alteration in plank-
tonic community structure in the sampled stretch of the HRE points to larger impacts of
water extraction and sewage discharge on salinity level, resulting in changes in the riverine
community in the sampled limnetic-to-oligohaline stretches.

At the temporal scale, the increased river discharge during pre-monsoon and monsoon
season plays an important role in shaping the community structure by upward extension
of marine influence during the waning season but downward extension of river influence
during the monsoon. Therefore, the complexity of phytoplankton, mesozoopalnkton, and
prokaryote communities responding to variable elemental and nutrient concentrations is
driven by the differential mixing of freshwater and marine sources. Both bottom-up and
top-down effects play a vital role in shaping the community in the HRE.

Increased urbanization with uncontrolled water extraction, discharge of industrial and
domestic wastes in coastal waters near the mouth of the Hooghly River, and shoreline devel-
opment affect the planktic community, consequentially affecting overall ecosystem health.

Furthermore, this study also highlights the role of land discharge at freshwater stations,
season-specific seawater intrusion in the river, and abiotic variables including trophic
status as drivers of abundance of the prokaryotic and eukaryotic planktonic community.
These results suggest limited wastewater discharge and water withdrawals to a fixed
fraction of total river flow beyond a minimum flow threshold maintaining isohaline. The
concerned administration needs to fix a minimum flow target in accordance with ideal
region-specific isohalines in the estuary. Therefore, for any future planning, the volume of
water withdrawals and wastewater discharge, monsoon-driven regime shift, and internal
trophic-based regulation mechanisms need to be considered.
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Abstract: It is claimed that oceanic hydrothermal vents (HVs), particularly the shallow water ones,
offer particular advantages to better understand the effects of future climate and other global change
on oceanic biota. Marine hydrothermal vents (HVs) are extreme oceanic environments that are
similar to projected climate changes of the earth system ocean (e.g., changes of circulation patterns,
elevated temperature, low pH, increased turbidity, increased bioavailability of toxic compounds.
Studies on hydrothermal vent organisms may fill knowledge gaps of environmental and evolutionary
adaptations to this extreme oceanic environment. In the present contribution we evaluate whether
hydrothermal vents can be used as natural laboratories for a better understanding of zooplankton
ecology under a global change scenario.

Keywords: Hydrothermal vent; mortality; mesozooplankton; pelagic; climate change; future ocean

1. Introduction

Zooplankton provides an important functional component of trophic webs and bio-
geochemical cycling [1]. Zooplankton mediates energy and matter translocation between
the pelagic and benthic realm through diurnal migration and passive sinking of particulate
organic matter [2]. The spatial distribution and abundance of zooplankton are affected
by the transport of water masses as well as by different physical, chemical and biological
effects of global change. Global change affects the earth systems including land, oceans,
atmosphere, the poles, biogeochemical cycles, biosphere including human populations and
society. Global changes of the last 2 centennials caused the change of climate, atmospheric
ozone depletion, desertification on land, acidification of aqueous environments including
the oceans, pollution in general, species extinctions and distributional range changes, and
other large-scale biotic shifts (UN—Oceans, URL). In the oceans, global climate forcing fac-
tors provide changes at large spatial scale and regional hydrodynamic circulation patterns
across different time scales. In addition, factors such as movement of tectonic plates, vol-
canic activity causing tsunamis, and biological processes including anthropogenic activities
were linked to changed scenarios of the earth system [3–7].

Hydrothermal vents (HVs) caused by suboceanic volcanic activity have several char-
acteristics in common with characteristics summarized as global change (e.g., elevated CO2
and temperature, low oxygen and pH, elevated trace metal availability, sulfate compounds
and turbidity). Ever increased levels of CO2 and other gases forming acids in the aqueous
phase provide ocean acidification with pH reductions in oceanic waters with consequences
on oceanic biota [8]. Decrease pH and Eh levels characteristic for CO2 vents increases the
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bioavailability and dissolution and/or desorption of metalloids and trace metals [9]. This
keeps trace elements (Fe, Cd, Co, Mn, Cu, V and Cr) in solution and bioavailable.

HVs areas are characterized by turbid waters containing elevated trace metal contents.
This is comparable to coastal waters with intertidal areas or coral fringe reefs that are at
risk by above factors due to anthropogenic activity such as mining, industrial emissions,
construction work and natural phenomena, such as heavy rain flushing, landslides which
increasingly threaten the coastal waters of a future ocean.

It was suggested to use HVs as templates or natural laboratories that allow research on
marine organisms in the highly adverse physicochemical conditions of HVs compared to
areas without HVs. HV biota could provide insights in the evolutionary, ecological, genetic,
behavioral, physiological and molecular adaptations to extreme marine environments that
could be compared with their next phylogenetic relatives away from HV sites [10].

The effects of HVs on marine zooplankton were rarely studied [11]. In the few reports
on zooplankton, however, oceanic venting areas have favorable effects on the composition
of primary producers (phytoplankton) and the composition of zooplankton that are related
to the distribution and abundances of higher trophic levels [12,13]. For their ease of access
and allowing revisits, experimental approaches in a cost-saving mode, and linking chemo-
and photosynthetic energy pathways, particularly shallow HVs are expected to provide
suitable natural laboratories. This holds for studies of environmental extremes, biotic
adaptations, and allowing the prediction of responses to a future ocean and its living and
non-living resources [10].

We question here whether HVs can provide templates for a ‘Future ocean scenario’ for
zooplankton as well. The goals of our contribution are to: (1) survey existing knowledge
about zooplankton at HVs; (2) relate this to global change phenomena; (3) evaluate whether
the ‘HVs as natural laboratory for global change’ concept is suitable for questions related
to zooplankton ecology.

2. Zooplankton Research near Hydrothermal Vents

According to [14] studying the shallow HVs at Kueishan Island, Taiwan, taxon diver-
sity and densities of mesozooplankton were increased (for abundance three times higher)
at the HV side. This occurred to most zooplankton groups, among others to dinoflagellates,
appendicularians, pteropods and copepods (providing the highest number of 34 species).
It was reported earlier that HVs increased the assemblage composition and biomass of
zooplankton especially at shallow depths in Matupi Harbor (Papua New Guinea) [15,16].
Skebo et al. [13] link the high abundance of copepods in waters adjacent to hydrothermal
vents with patchy distributions caused by the avoidance of harsh environments close to
the HVs and by the avoidance of jellyfish by swarming behavior. This positive effect may
also be caused by hydrothermal fluids that enrich nutrients for algae and increase primary
productivity [15] from chemosynthesis and photosynthesis at shallow depths [16]. Such
elevated primary productivity would then support elevated densities of zooplankton in
HV areas.

Cage experiments resulted in high mortality (>95%) of planktonic copepods that were
translocated to HVs at depths of 1–13 m above the seafloor next to HVs of KST island [17].
The mortality value was three times higher than that at distant control sites which were
not affected by HV plumes (with 20–30% mortality). There are several reports on the
trophic position of HV zooplankton. Hung et al. [18] explained the relatively low C/N
ratios of the precipitating particulate organic matter from the HV field of Kueishan Island
with a high zooplankton contribution. A food web study by Wu et al. [19] applying δ13C
and δ15N analysis revealed that the water-column-derived fraction of dead zooplankton
provides important energy supplements to carnivores and scavengers like the HV crab
Xenograpsus testudinatus. Further isotopic niche analysis through this study demonstrated
that the contribution of 200 dead zooplankter as a food source to vent crabs living in the
center and periphery varied from >34% to ≤18%. The results of Chang et al. [2] based on
isotope analyses showed that photosynthetic and chemosynthetic producers contributed
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nearly equally to carbon fixation that is fueling the HV system at Kueishantao. In their
study, the authors found both zooplankton and HV crabs acted as important trophic
mediators between water column and sea bottom. The results of another isotope study by
Wang et al. [20] partially contradicted the above findings in that trophic provisions at the
shallow-water HVs of Kueishan Island were mainly provided by phototrophic production
(microalgal contribution: 26–54%), then by zooplankton (19–34%) and to a minor extend by
chemosynthetic production (14–26%).

3. Variable Hydrographic Effects of HV Effluent Temperature, pH and Chemistry
Affecting Zooplankton

The sea floor of HV fields provides a rather heterogeneous environment. HV fluids
can reach temperatures of about 116 ◦C in shallow vents like at Kueishan Island [21] with
demarcated thermoclines. Vent fluids and surrounding waters with contrasting chemical
and physical characteristics often show strong gradients. HV effluents affect the chemistry
to a larger extent at the surface than at the bottom, providing differences of physical and
chemical characteristics along the water column axis. Observations that zooplankter at the
surface are killed by HV effluents and produce “marine snow” composed of sedimenting
plankton carcasses and diverse microbiota including HV bacteria [22].

HV fluid emissions are often unstable and sudden outbreaks of HVs vent fluids are
commonly providing vents with large hydrological variability [23]. It is expected that
HV biota developed adaptations to tolerate such fluctuating environmental conditions,
particularly if they are zooplankter drifting in the water column above HVs. This might
provide a limitation to our expectation to use HVs as examples for the more gradual
alterations during global changes for decades to come. Variations of other environmentally
effective parameters within HV systems are expected as well.

4. Conclusions

We conclude that HVs are particularly useful as “natural laboratories” to approach
consequences of global change and global climate change for resident biota that had
sufficient time to evolutionary and individually adapt to such extreme environments.
However, there is no evidence for an endemic zooplankton assemblage as yet, also not
from the better investigated shallow water HV situations. The scarce information available
indicates that zooplankton is transported to HV areas and is negatively affected by toxic
HV plumes and may die there after such an abrupt environmental transition. This way
they provide a high input of allochthonous biomass to the respective HV system. There is a
substantial knowledge gap about many issues regarding the fate of zooplankton in HVs as
outlined below.

Rather generally, the effects of multiple stressors are difficult to disentangle. This holds
for examples for basic phenomena related to simultaneously acidified and warming oceans.
The interaction of just these two stressors may differ with taxon, populations, gender
and ontogenetic stages. Organisms associated with HVs were shown to have adaptations
regarding their reproduction, morphology and behavior. HV biota were also shown to
have evolved molecular adaptations to an extreme environment and specialized receptors
to find or avoid HVs and their effluents in order to aggregate there or to avoid the HV
environment altogether. Such adaptations need to be studied also with zooplankton at HVs
since there is a particular knowledge gap here.

The ease of access to shallow-water HV systems -offers scientists the rare opportunity
to design meaningful in situ and laboratory experiments. Hydrographic regime changes of
the physical and chemical background of zooplankton can instantly be monitored. Fast
responses are more difficult to capture in HVs of the deep sea.

The following issues among others related to zooplankton in HV areas are of particular
interest: (1) Are there any endemic zooplankton assemblages in HVs? (2) Is zooplankton
aggregating or trapped in a toxic environment? (3) Are there taxon-specific differences
within patchy distributions? (4) Are the measured higher zooplankton densities near vents
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caused by dead zooplankton that settles at HV sites? (5) How are the ratios of dead versus
alive zooplankton? (5) What are the ultimate mechanisms of toxicity causing mortality
among zooplankton at HVs? (6) What are particular mechanisms or adaptations to avoid
toxicity effects? (7) To what extent are dead versus alive zooplankter vertically segregated
in the water column or are they advectively transported?
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Abstract: In order to better understand the cold dome influence on zooplankton community struc-
ture, zooplankton samples were collected during the southwest monsoon prevailing period from the
southeast waters of the East China Sea. To reduce the bias caused by different sampling months, the
samples were collected in June 2018 and in June 2019. An obvious cold dome activity was proven
by images of remote sensing satellites during the June 2018 cruise. In contrast, the research area
was much affected by open sea high temperature and water masses during the June 2019 cruise.
Significant differences in water conditions were demonstrated by surface seawater temperature,
salinity, and dissolved oxygen concentrations between the two cruises. Nevertheless, no significant
differences were observed concerning mesozooplankton in general, copepods, large crustaceans,
other crustaceans, and pelagic molluscs between the June 2018 and June 2019 cruises. However, the
mean abundance of gelatinous plankton was significantly different with 1213.08 ± 850.46 (ind./m3)
and 2955.93 ± 1904.42 (ind./m3) in June 2018 and June 2019, respectively. Noteworthy, a significantly
lower mean abundance of meroplankton, with 60.78 ± 47.32 (ind./m3), was identified in June 2018
compared to 464.45 ± 292.80 (ind./m3) in June 2019. Pearson’s correlation analysis also showed
a highly positive correlation of gelatinous plankton and meroplankton with sea surface tempera-
ture (p < 0.01). The variation of salinity showed a significant negative correlation with gelatinous
plankton abundance (p < 0.05), and a highly significant negative correlation with the abundance
of meroplankton (p < 0.01). Only the abundance of meroplankton showed a positive correlation
with dissolved oxygen concentrations (p < 0.05). The copepod communities were separated in two
groups which were consistent with sampling cruises in 2018 and 2019. Based on the specificity and
occupancy of copepods, Macrosetella gracilis, Oithona rigida, Cosmocalanus darwinii, Paracalanus parvus,
and Calocalanus pavo were selected as indicator species for the cold dome effect in the study area
during June 2018, whereas the indicator species of warm water impact in the open sea were Calanopia
elliptica, Subeucalanus pileatus, Paracalanus aculeatus, and Acrocalanus gibber during the June 2019 cruise.

Keywords: Copepoda; meroplankton; gelatinous plankton; Kueishan Island; northeast Taiwan

1. Introduction

Zooplankton, which is considered as a dominant link between primary production
and upper trophic levels, plays a pivotal role in shaping marine ecosystems [1,2]. Zoo-
plankton can also be used as bio-indicators of environmental quality and water masses
due to their high dependence on environmental conditions and fast responses to environ-
mental variations [3–5]. The abundance and distribution of zooplankton can be affected
among other factors by temperature, salinity, and primary production [5–8]. Several studies
reported that water masses influenced the zooplankton communities at different spatial
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and temporal scales in waters of northeast Taiwan [5,9–15]. The distribution, abundance,
and species composition of copepods are associated with different water masses in the
upwelling waters off northeastern Taiwan [16]. Conversely, increased zooplankton con-
centration was observed around the upwelling [17]. Tseng et al. [13,18] reported that
distribution patterns of mesozooplankton and copepod communities in northern Taiwan
varied spatially with distance to land but did not discuss the possibility of the influence of
an upwelling cold dome. However, both diatom and larval fish assemblages were strongly
affected by monsoon derived water mass succession and topographic upwelling in the
offshore of northeast Taiwan [19,20].

The northern shelf of Taiwan is an extremely dynamic oceanic region. The Kuroshio
Current (KC), which is the western boundary current of the North Pacific Subtropical Gyre,
flows northeastwards along the eastern coast of Taiwan island with occasionally intrusion
on the shelf [21–23]. Cold domes, which are formed by the KC intrusion at the edge of
the shelf, are observed in the south of the East China Sea [22–26]. Takahashi et al. [27]
described a current that flows in the opposite direction to the KC in northeastern Taiwan
by high-frequency radar measurements. This current was recently confirmed and named
the northeastern Taiwan counter current (NETCC) [28]. In situ observations proved that
the main sources and dynamic mechanisms of the NETCC are the counterclockwise flow in
the cold dome off northeastern Taiwan and the southward intrusion of the coastal current
in northern Taiwan [29,30].

The research area is located in Yilan Bay in northeastern Taiwan, where the water
masses are mainly influenced by the interactions of the NETCC, KC, China costal current,
and tidal currents [31]. In the present study, a hypothesis was pursued that mesozoo-
plankton communities and the copepod assemblage were influenced by an upwelling cold
dome during the southwest monsoon prevailing period in the southeastern East China
Sea. The particular aim of the present study was to understand: (1) whether and how
the cold dome affected the mesozooplankton communities in the research area; (2) which
functional groups of the mesozooplankton were particularly affected from the cold dome
phenomenon; and (3) which species could serve as indicator species for the cold dome.

2. Materials and Methods

2.1. Sampling Area and Sampling Strategy

In an attempt to reduce the bias caused by different sampling months, both the
zooplankton samples were selected in June in the years 2018 and 2019. The satellite image
revealed an upwelling cold dome appearing in the southeast of the East China Sea during
the 1 June 2018 cruise (Figure 1A). In order to understand the cold dome effects on the
mesozooplankton community in the research area, the samples were recollected from the
same stations during the weak phase of the cold dome around the 21 June 2019 (Figure 1B).
In total, 9 sampling stations were arranged around Kueishan Island at the edge of the cold
dome, Southeast East China Sea (Figure 1C). Samples were collected during the Southwest
monsoon prevailing period during the 2018 and 2019 cruises. All samples were collected
by horizontal tows from surface waters by a standard north pacific plankton net with a
mouth diameter of 45 cm and a mesh size of 200 μm. The tow was kept trawling for 10 min
at the 5 m depth layer from near the sea surface with a speed of about 1.0 m/s. The filtered
water volume was calculated based on a Hydro-Bios flow-meter, which was mounted in
the center of the net mouth. Zooplankton samples gathered at the end of the sampling net
were immediately preserved in 5% seawater buffered formaldehyde solution on board for
identification and counting in the laboratory. Water temperature, salinity, and dissolved
oxygen (DO) were measured prior to the collection of zooplankton samples with a SeaBird
CTD sensor (Canada) instrument which was mounted on a rosette sampler.
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Figure 1. Satellite images of the sea surface temperature on 1 June 2018 (A) and 21 June 2019 (B), and
the maps of the research area and sampling stations (C).

2.2. Sample Handling and Identification

In the laboratory, mesozooplankton samples were divided by a Folsom splitter until
about 300–500 individuals remained in the subsample. Subsamples were counted and
identified by a dissecting microscope (SMZ1500, Nikon, Japan). Adult copepods were
counted and identified at species level. Immature copepods were counted at genus level.
Other mesozooplankton groups were counted at class or phylum level. Several taxonomic
literature and illustrations were used to identify the mesozooplankton species [32–35].

2.3. Data Processing and Statistical Analysis

The mesozooplankton was classified into 6 groups: gelatinous plankton, meroplank-
ton, pelagic Mollusca, Copepoda, large Crustacea, and other Crustacea based on their
ecological functioning. Gelatinous plankton included Cnidaria, Urochordata, and Chaetog-
natha. Mysidacea, Euphausiacea, and Decapoda that were included into the group of large
crustaceans. Pteropoda and Heteropoda were considered as taxa of pelagic Mollusca. Taxa
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of other crustaceans comprised of Amphipoda and Cladocera. The density of individuals
belonging to the different groups was calculated by the individuals divided by the filtered
water volume and given the unit individuals/m3 (ind./m3). Dry weight was estimated
referring to the fitted mixed contribution model which was suggested by Tseng [13].

The difference of environmental and biological parameters between different cruises
was compared by an independent sample t-test. The correlation of mesozooplankton and
environmental parameters was calculated by Pearson’s correlation analysis. The specificity
and occupancy referred to the definition of Dufrene and Legendre [36] and was calculated
by the following formula:

Specificity =
Nindividualsi,j

Nindividualsi

; Occupancy =
Nsitesi,j

Nsitesj

Specificity equaled the ratio of the average abundance of the ith species in jth com-
munity (Nindividualsi,j

) and the sum of the average abundance of the ith species in different
communities (Nindividualsi

). The occupancy was defined as the relative frequency of oc-
currence of the ith in jth community. The specificity–occupancy plot was achieved in R
language, applying ggplot 2 package.

Group average linkage was used in the cluster analysis with Bray–Curtis similarity.
Before cluster analysis, the abundance of copepods species was log (x+1) transformed.
Assemblage analysis was performed with Primer 6.

3. Results

3.1. Environmental Characters in the Research Area

The variations in surface sea temperature (Figure 2A), salinity (Figure 2B), and dis-
solved oxygen (Figure 2C) of each sampling station during two cruises showed a marked
difference. The occurrence of the cold dome influenced the hydrological environment
of the surrounding waters as revealed by the above three parameters. Furthermore, the
results of an independent sample t-test showed that the average surface water temperature
was significantly different (t = 6.90, p < 0.001) during the summer cruises of 2018 and
2019 with an average surface water temperature of 26.16 ± 0.29 ◦C and 27.20 ± 0.34 ◦C,
respectively (Figure 2A-1). A relatively higher average salinity 34.46 ± 0.02 was recorded
during the 2018 cruise. The average salinity was 33.84 ± 0.01 during the 2019 cruise which
was significantly lower than during the 2018 cruise (t = 77.67, p < 0.001) (Figure 2B-1).
Similar to the seawater temperature, the surface water DO was also significantly different
(t = 35.94, p < 0.001) in 2018 and 2019 with an average of 5.58 ± 0.07 (mg/L) and 6.71 ±
0.06 mg/L), respectively (Figure 2C-1).

3.2. Composition of Mesozooplankton

The mean abundance of mesozooplankton of two sampling cruises (n = 18) was
9786.15 ± 5052.66 (ind./m3) during the Southwest monsoon prevailing period in the
research area. The statistical results showed that there was no significant difference
(p > 0.05, t-test) of the mesozooplankton mean abundance between 2018 and 2019 with
mean values of 9792.60 ± 5634.76 (ind./m3) and 9779.70 ± 4743.34 (ind./m3), respectively.
Copepods were the most dominant taxon in the research area. The mean abundance of
copepods was 8278.71 ± 5392.97 (ind./m3) in 2018 with a percentage 84.25% of the total
mesozooplankton (Figure 3A). During 2019, the copepods accounted for 65.20% of the
total mesozooplankton mean abundance with 6168.46 ± 3075.17 (ind./m3) (Figure 3B).
The copepod mean abundance between 2018 and 2019 was not significantly different
(p > 0.05, t-test). Both the large Crustacea, other Crustacea, and pelagic Mollusca were
not significantly different between these two cruises. However, the mean abundance of
gelatinous plankton, which was the second most abundant in the research area, was signifi-
cantly lower in 2018 (1213.08 ± 850.46 ind./m3) than in 2019 (2955.93 ± 1904.42 ind./m3)
(p < 0.05). The mean abundance of Cnidaria was 75.95 ± 42.64 (ind./m3) during the 2018
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cruise, which was obviously lower than during the 2019 cruise with a mean abundance
133.24 ± 110.78 (ind./m3). Mean abundance of urochordata was significantly lower during
the 2018 cruise than during the 2019 cruise with values of 931.76 ± 788.86 (ind./m3) and
2652.60 ± 1682.22 (ind./m3), respectively. There was no obvious difference in the mean
abundance of Chaetognatha in the 2018 and 2019 cruise. Due to the obviously higher mean
abundance of Bivalvia larva, Brachyura zoea, and Macrura larva during 2019 cruise, the
mean abundance of meroplankton was significantly higher in 2019 than in the 2018 cruise
with the mean value 464.45 ± 292.80 (ind./m3) and 60.78 ± 47.32 (ind./m3), respectively
(p < 0.05) (Supplementary Materials Table S1).

Figure 2. Variation of seawater temperature (A); salinity (B); and dissolved oxygen (C); as well as
comparisons of the seawater temperature (A-1); salinity (B-1); and dissolved oxygen (C-1) in average
values (mean ± standard deviation) from the cruises in June 2018 and June 2019.

Figure 3. The proportion of functional taxa among mesozooplankton communities collected during
the cruises in June 2018 (A), and June 2019 (B).
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In the present study, we could not find a significant correlation between the total
mesozooplankton abundance and environment parameters during the research period
(Table 1). The variations of Copepoda, large Crustacea, and pelagic Mollusca also showed
no correlation with environmental parameters in the research area. In contrast, the vari-
ation of gelatinous plankton correlated significantly positively with surface temperature
(p < 0.01) and negatively with salinity (p = 0.02). In contrast, the meroplankton showed
a significant negative correlation with salinity (p < 0.01), but a positive correlation with
surface temperature (p < 0.01) and with surface DO (p = 0.02) in the research area. The
variation of other Crustacea showed only a positive correlation with surface temperature
(p = 0.04) in the research area.

Table 1. Pearson’s correlation of functional groups mean abundance and environmental parameters.
The numbers in parentheses are p-values.

Functional Groups Temperature Salinity DO

Copepoda 0.02 (0.94) 0.23 (0.36) −0.14 (0.58)
Gelatinous plankton 0.63 ** (<0.01) −0.54 * (0.02) 0.43 (0.08)

Large Crustacea −0.08 (0.77) 0.32 (0.20) −0.09 (0.73)
Meroplankton 0.75 ** (<0.01) −0.72 ** (<0.01) 0.53 * (0.02)

Other Crustacea 0.49 * (0.04) −0.29 (0.25) 0.21 (0.41)
Pelagic Mollusca −0.06 (0.83) 0.10 (0.69) 0.00 (1.00)
Total abundance 0.27 (0.27) −0.02 (0.95) 0.05 (0.83)

**. Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed).

The dry weight of mesozooplankton ranged from 244.70 mg/m3 to 1063.21 mg/m3 with
mean 555.56 ± 255.69 (mg/m3) in research area during the 2018 cruise. The dry weight was
significantly higher during the 2019 cruise with a mean value of 987.78 ± 521.58 (mg/m3).
The dry weight ranged from 458.67 mg/m3 to 2016.21 mg/m3 during the 2019 cruise.

3.3. Copepod Assemblages

Totally, 76 copepod species were identified belonging to the Calanoida, Cyclopoida,
Harpacticoida, and Poecilostomatoida during the cruises of the present study. In total,
58 and 53 copepod species were found in 2018 and 2019, respectively (Supplementary
Materials Table S1). The percentage of Calanoida copepods was dominant and occupying
56.90% and 64.15% of all copepod species in 2018 and 2019, respectively. These were
followed by Poecilostomatoida copepods with a percentage of 34.48% in 2018 and 24.53%
in 2019.

The results of the cluster analysis indicated that all samples were divided into three
groups at a 37.61% similarity level (Figure 4). Samples collected from S1 station in 2019
had a relative lower similarity to other stations, being arranged into a group with the
presence of only 19 copepod species. The dominant species was Temora turbinata with a
relative abundance of 59.04% in this sample. This was followed by Canthocalanus pauper
and Paracalanus aculeatus with a relative abundance of 14.76% and 7.38%, respectively. The
remaining eight samples collected in 2019 were gathered into group b with a similarity
of 52.68%. Totally, 50 copepods species were identified, and the dominant species was
T. turbinanta with a relative abundance of 39.86% in this group. The relative abundance of
P. aculeatus was 12.29%, representing the second most dominant species in this group. The
relative abundance was 6.33% and 5.74% for Acrocalanus gibber and C. pauper, respectively,
in group b. In group c, which included all nine samples collected from the 2018 cruise,
58 copepods species were recorded. There were seven species with relative abundances
higher than 5% in this group. The mean abundance of T. turbinata accounted for 30.88% of
the total mean abundance in this group. The following relative abundance was 11.01% for
Oncaea venusta in group c. The relative abundance of Macrosetella gracilis, Acrocalanus gracilis,
Paracalanus parvus, Farranula gibbula, and Oithona rigida was 8.37%, 7.86%, 7.78%, 6.73%,
and 6.30%, respectively. The results of the cluster analysis clearly indicated a significant
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difference in the composition of the copepod assemblage between the cruises in June of
these two years.

Figure 4. The results of the cluster analysis of the copepod community in each sample, measured by
Bray-Curtis similarity distances.

3.4. Specificity and Occupancy of Copepods

The specificity and occupancy of copepods being counted at species level, were
calculated and projected to a plot of these two cruises (Figure 5). The results showed that
most copepods species were characterized by a relative lower specificity and occupancy
during these two cruises. Indicator species are shown in dotted boxes of Figure 5 with
specificity and occupancy both higher than 0.8. Indicator species were specific to certain
conditions and widely distributed in that environment. There were five species selected as
indicator species in 2018. In contrast, four species were selected as indicator species with
both specificity and occupancy greater than 0.8 in 2019 (Table 2).

Figure 5. Specificity-occupancy plots of copepods collected from cruises in June 2018 and June 2019.
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Table 2. Mean abundance, occupancy, and comparative results of mean abundances using t-test for
indicator species recorded during the sampling cruises in 2018 and 2019. The numbers in parentheses
represent the occupancy (%). * Indicates the indicator species during that cruise. N.A. means
not available.

Species Name 2018 2019 t-Test

Macrosetella gracilis 384.04 ± 284.23 * (100) 14.45 ± 3.35 (44.44) p < 0.01
Oithona rigida 289.12 ± 624.92 * (88.89) 14.38 ± 30.39 (22.22) p < 0.05

Cosmocalanus darwinii 45.28 ± 54.78 * (100) 2.95 ± 8.85 (44.44) p < 0.01
Paracalanus parvus 356.88 ± 297.73 * (88.89) 32.22 ± 5.52 (33.33) p < 0.01
Calocalanus pavo 108.24 ± 78.30 * (100) 17.47 ± 34.73 (44.44) p = 0.085
Calanopia elliptica N.A. 21.10 ± 28.36 * (100) p < 0.01

Subeucalanus pileatus N.A. 36.12 ± 64.73 * (88.89) p < 0.01
Paracalanus aculeatus 48.21 ± 48.62 (66.67) 495.24 ± 401.77 * (100) p < 0.01

Acrocalanus gibber 31.46 ± 55.93 (44.44) 254.70 ± 231.24 * (88.89) p < 0.01

The specificity of Macrosetella gracilis was 96.37% with a mean abundance of
384.04 ± 284.22 (ind./m3) in 2018 (Figure 5). This was followed by Oithona rigida and
Cosmocalanus darwinii with the specificity 95.26% and 93.89%, and mean abundances of
289.12 ± 624.92 (ind./m3) and 45.28 ± 54.78 (ind./m3). In 2019, the mean abundance of
M. gracilis, O. rigida, and C. darwinii was only 14.45 ± 43.35 (ind./m3), 14.38 ± 30.39
(ind./m3), and 2.95 ± 8.85 (ind./m3), respectively (Table 2). The results of Pearson’s corre-
lation analysis showed that there was no significant correlation between the variation of
O. rigida and environmental parameters in the research area. The variation of M. gracilis,
however, was significantly positive correlated with salinity, surface temperature (p = 0.01)
and DO (p = 0.05), respectively. The results of the analysis implied that M. gracilis should
come from high temperature and high salinity Kuroshio water, and its abundance variation
could be influenced by the interplay of Kuroshio and East China Sea waters in research
area. A positive correlation of the variation of C. darwinii and salinity was detected in
the study area. The specificity of Paracalanus parvus and Calocalanus pavo was 91.72% and
86.10% with a mean abundance of 356.88 ± 297.73 (ind./m3) and 108.24 ± 78.30 (ind./m3)
in 2018. During the 2019 cruise, the mean abundance of Paracalanus parvus and Calocalanus
pavo was only 32.22 ± 50.52 (ind./m3) and 17.47 ± 34.73 (ind./m3). Pearson’s correla-
tion analysis results showed that both P. parvus and C. pavo were significantly positively
(p < 0.01) correlated with surface salinity in the study area.

During the 2019 cruise, the specificity of both Calanopia elliptica and Subeucalanus pileatus
were 100% with a mean abundance of 21.10 ± 28.36 (ind./m3) and 36.12 ± 64.73 (ind./m3),
respectively (Figure 5). Paracalanus aculeatus and Acrocalanus gibber were indicator species with
specificities of 91.13% and 89.01% and mean abundance of 495.24 ± 401.77 (ind./m3) and
254.70 ± 231.24 (ind./m3), respectively. The variation of S. pileatus showed no significant
correlation with environmental parameters. Whereas the variation of C. elliptica showed a
significant negative correlation with salinity. A. gibber also showed a significantly negative
correlation with salinity and a positive correlation with sea surface temperature (p = 0.01)
and DO (p = 0.05). The variation of P. aculeatus correlated significantly negatively with
salinity and positively with sea surface temperature (p = 0.01) and DO (p = 0.05).

4. Discussion

Intermittent but common upwelling in the southern East China Sea was associated
with local cyclonic circulation and inshore intrusion of Kuroshio waters interacting with
ocean topography [22,37,38]. Remote sensing satellite images and in situ measured hydro-
graphic parameters indicated that the study area was obviously affected by cold dome
upwelling water in June 2018. Conversely, the study area was mainly dominated by oceanic
oligotrophic and warm waters in June 2019. Relatively lower surface water temperature
and higher salinity in the present study were observed during the June 2018 cruise. This is
mainly explained by the upwelling bringing cold and saline Kuroshio waters to the surface
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and developing a cold dome region in the area. The cold dome waters were transported
to the study area by NETCC during June 2018 [31]. Withal, several studies reported that
the cold dome provided a major fishing ground due to the higher concentration of nutri-
ents [16,39,40]. Previous studies noted that physical factors (monsoon, stratification, and
upwelling) could reduce the availability of dissolved oxygen [41]. An obviously lower
DO concentration was observed in the surface water at the edge of the cold dome during
the June 2018 cruise of the present study. DO concentrations were thought to diminish in
the upwelling area due to a strong remineralization of sinking organic matter [42]. From
a biological perspective, changes in the relative dominance of functional groups in the
community could also affect the DO concentrations in the upwelling area [43–47].

Several studies reported that the abundance and distribution of zooplankton were
influenced severely by environmental factors such as temperature, salinity, and primary
production [5–8,15]. The composition of mesozooplankton was also influenced by envi-
ronmental parameters in the research area [4,5,11–14]. In the present study, despite no
obvious difference of mesozooplankton mean abundance between the cruises in June 2018
and June 2019, the community structure was significantly influenced by the cold dome
during June 2018. The relative abundance of copepods was higher in 2018 than in 2019 but
without significant differences by statistical comparison between these two study cruises.
Madhupratap et al. [48] reported that a higher abundance of copepods was found due
to a relatively higher primary production in the upwelling area. In this research, surface
water was obviously affected by the cold dome with relative lower temperature and higher
salinity during 2018 cruise. Gelatinous plankton and meroplankton showed a significantly
correlation with surface water temperature and salinity. The abundance and relative abun-
dance of gelatinous plankton and meroplankton were significantly higher during the June
2019 than during the June 2018 cruise. Thus, we inferred that gelatinous plankton and
meroplankton probably had a negative correlation with the cold dome. This phenomenon
is explained by the energy contribution from high phytoplankton production followed by a
peak production of secondary producers with abundant copepods, as well as many fish
species in the upwelling area [49]. In convergent ecosystems, however, food chains are
characterized by small flagellate phytoplankton, an abundance of small copepods, and
large numbers of gelatinous plankton [50].

Temora turbinata, C. pauper, and O. venusta were the most common species both during
the June 2018 and June 2019 cruise. Due to the effect of cold upwelling waters, the mean
abundance of T. turbinata and C. pauper was slightly lower in June 2018. Several studies
proved that T. turbinata was commonly found around coastal waters of Taiwan [9,14,51–56].
Previous reports pointed out that T. turbinata preferred to occur in waters with seawater
temperatures higher than 28 ◦C, being considered a warm-water indicator species in the
northwest of Taiwan [54,57,58]. Consistent with previous research, T. turbinata was the
most abundant species and also showed an increased tendency to be accompanied with
a relative higher water temperature in the present study. This was followed by Oncaea
venusta, which was one of the easiest oncaeid species to be recognized in mesozooplankton
samples, with a mean abundance of 505.35 ind./m3 in June 2018. Tseng et al. [13] found
O. venusta as a dominant species in the boundary waters of the East China Sea and Kuroshio
Current during the southwest-northeast monsoon transition period. This species commonly
provides a substantial fraction of copepod assemblages in coastal and oceanic regions in
middle to low latitude epi- and mesopelagic waters worldwide [59–63]. Júnior et al. [64]
reported that the abundance and biomass of O. venusta positively correlated with seawater
temperature in the south Atlantic, ranging from 21 to 27 ◦C. However, the abundance of
O. venusta was correlated with relatively lower surface water temperatures of 22–24 ◦C
rather than 26 ◦C in the northeast of Taiwan [4]. In the present study, the mean abundance
of O. venusta was significantly higher in June 2018 than during the June 2019 cruise with a
relative abundance of 11.01% and 4.07%, respectively, which also showed an inclination to
a relatively lower seawater temperature.
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The harpacticoid copepod Macrosetella gracilis, which was surmised as a most suitable
indicator species for upwelling influence in the study area during the June 2018 cruise, is
a species that occurs globally in tropical and subtropical oceans and is typically found in
association with blooms of Trichodesmium spp. [65,66]. In coincidence with the present study
results, M. gracilis is an indicator species for monsoon derived cold water masses during
the northeast monsoon prevailing period in the study area [5]. Species in Oithona are de-
scribed as the most ubiquitous and abundant oceanic copepod species worldwide [67]. The
cyclopoid copepod Oithona rigida, which makes use of a variety of food items, was less sensi-
tive and more tolerant to extreme environmental conditions, such as high temperature, low
nutrients, and low pH [68], and had a higher productivity than Calanoida copepods [69]. In
this study, O. rigida was also surmised as an indicator species with an occupancy of 88.89%
during the June 2018 cruise, showing cold dome upwelling. Our results were supported
by the findings of Keister and Tuttle [70], who suggested that species in the genus Oithona
might migrate to the surface layer due to subsurface hypoxia during upwelling events.
The Calanoida copepod Paracalanus parvus, playing an important role in ocean fisheries
with relatively higher abundance in the western subtropical Pacific, is widely distributed in
temperate and tropical regions [71–74]. In addition, P. parvus was reported as a coldwater
mass indicator species in northeast Taiwan during the northeast monsoon season [5]. The
temperate species Calocalanus pavo was suggested as an indicator species of the upwelling
cold dome influence in June 2018. It was reported as being related to cold-water masses in
the northeast of Taiwan with a relative abundance of 0.56% during the monsoonal transition
period in 1998 [18]. The omnivorous Calanoida copepod Calanopia elliptica, belonging to the
Pontellidae family, was recorded in June 2019 with 100% occurrence in the present study. It
has been reported as a Lessepsian migration species, indicating the connection between
the Red Sea and the southeastern Mediterranean Sea via the Suez Canal [75]. Subeucalanus
pileatus, a warm coastal and shelf water species, was only recorded during the June 2019
cruise with an occurrence rate of 88.89%. Previous studies emphasized that P. aculeatus
was widely distributed around Taiwan [5,9,76–78]. In the present study, the abundant
P. aculeatus was recorded in June 2019, and its abundance was significantly negative cor-
related with salinity but positively with the change of sea surface temperature. Previous
reports found that A. gibber was abundant during summer and decreasing during winter
and was considered as an indicator species of the Kuroshio Branch Current in the waters of
northeast Taiwan [58,78,79]. Abundant A. gibber was recorded during June 2019 with the
warmest oceanic water affection in the present study. The variations of indicator species in
the research area proved that mesozooplankton communities were significantly changing
during the southwest monsoon prevailing period from the June 2018 to the June 2019 cruise.

5. Conclusions

Based on two years of zooplankton sampling in the same months, significant differ-
ences in the community structure of mesozooplankton and copepod assemblages were
revealed in the East China Sea northeast of Taiwan. The hypothesis that the presence
of a cold dome was affecting the composition and overall density of mesozooplankton
communities could be strengthened. The information obtained from the present study on
functional groups and indicator species of copepods could contribute to future studies on
the effects of cold domes on secondary producers. Studies on the dynamic composition
and functional groups of mesozooplankton and dominant copepod species are needed to
better understand the impact of cold domes in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11030508/s1, Table S1: Species list with mean abundance and
standard error.
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Abstract: This study aimed to investigate the seasonal variation of zooplankton diversity and abundance
in the Nokoué Lagoon in southern Benin. Through extensive sampling, a total of 109 zooplanktonic taxa
were identified and quantified. The average zooplankton abundance was found to be 60 individuals per
liter, with copepods and rotifers being the most dominant groups, comprising 68.1% and 29.1% of the
total abundance, respectively. The key factor identified as driving the structure of the zooplanktonic
assemblages was salinity, which showed significant seasonal variation. The results revealed that
during the high water period, when the lagoon was filled with fresh water, rotifers were dominant,
zooplanktonic diversity was highest, and abundances were quite high. Conversely, during the low water
period, when the lagoon was characterized by brackish water, diversity was minimal, and abundance
decreased slightly. The study also found that some areas of the lagoon showed high abundances
independent of salinity levels, suggesting that other factors such as riverine inputs or the presence of
acadjas (home-made brush parks used as fish traps) may also have notable effects on the zooplankton
community. Overall, the findings of this study provide valuable insights into the functioning of one of
the most biologically productive lagoons in West Africa.

Keywords: zooplankton; diversity and abundance; environmental parameters; seasonal variation;
Nokoué Lagoon

1. Introduction

Located in southeastern Benin, the Nokoué Lagoon has been recognized by the Ramsar
Convention as a wetland of international importance (Ramsar Site no. 1018). This lagoon
represents the largest continental water body in Benin and one of the most biologically
productive in West Africa in terms of annual fish catch yields [1]. It contributes to 70%
of the national fisheries production [2] and is home to the largest lacustrine villages in
West Africa populated by 50,000 people including 12,000 fishermen. Although the Nokoué
Lagoon forms a vast natural space that sustains a rich ecosystem, it is surrounded by
numerous urbanizations that total more than 1.5 million inhabitants and exert a strong
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anthropic pressure [3]. Despite its importance for the socio-economic development of Benin
and its vulnerability to urban development and global changes, Nokoué Lagoon has been
relatively poorly studied. Therefore, it is essential to better characterize and understand the
functioning of its ecosystem in order to implement future sustainable management plans.

One of the particularities of Nokoué Lagoon is the strong seasonal variation of its salinity,
which varies on average from less than 1 during the heavy rainy season in northern Benin
(September–October) and progressively increases during the dry season (December–April)
to reach a mean value of ~25 in April [4,5]. These strong seasonal changes in salinity have
been shown to structure and strongly impact certain trophic levels of the Nokoué Lagoon
ecosystem, such as macroinvertebrates, mangrove oysters, or ichthyofauna [6–8]. However,
zooplankton is a key organism in the aquatic food chain as it serves as an intermediary
species that allows energy transfer between phytoplankton and higher trophic levels such as
zooplanktivorous fish. As we know that salinity can control the response of phytoplankton
to nutrients and significantly alter zooplankton dynamics in different lagoon ecosystems
(e.g., [9–12]), we therefore hypothesize that strong seasonal variations in salinity in the Nokoué
Lagoon generate important changes in zooplankton diversity and abundance.

Although salinity is the parameter that exhibits the greatest seasonal variation and is
presumed to be the major environmental parameter impacting the Nokoué ecosystem, other
physico-chemical parameters (temperature, depth, pH, turbidity, dissolved oxygen concen-
tration, chlorophyll) also exhibit significant seasonal variations (e.g., [3]). Given their short
life cycles, zooplankton organisms can respond rapidly and sensitively to many physical,
chemical, and biological changes in aquatic ecosystems [13–15]. Zooplankton are there-
fore highly sensitive to environmental changes, and changes in zooplankton community
composition or abundance are often considered indicative of environmental disturbances
in coastal lagoons (e.g., [16–19]). The second hypothesis of this study is therefore that
the zooplankton community of Nokoué Lagoon may respond to other physico-chemical
parameters than salinity and that the presence and dominance of certain zooplanktonic
species could reflect particular environmental conditions.

Furthermore, given that relatively strong spatial gradients in salinity and other physic-
ochemical parameters may exist in the lagoon [3–5], we believe that the zooplankton
community may respond to these environmental gradients and show spatial differences
across the lagoon. In particular, the zooplanktonic community near the river mouths (im-
pacted by freshwater flows) might probably differ from that near the connection between
Nokoué Lagoon and the Atlantic Ocean (impacted by saltwater flows).

Despite the importance of zooplankton in the trophic chain and for maintaining the
high biological productivity of Nokoué Lagoon, knowledge on the zooplankton of this
lagoon is very limited. Indeed, to the best of our knowledge, the only study that has
explored the zooplankton community of Nokoué and its relationship with environmental
parameters is [20]. In particular, these authors showed that (i) total zooplankton species
richness was 31 taxa, (ii) zooplanktonic abundance was relatively low and dominated
by copepods, and (iii) the zooplanktonic community responded mainly to nitrate and
ammonium concentrations. Unfortunately, as also mentioned by these authors, the sam-
pling was only conducted during a 4-month period (June–September 2015) in the rainy
season (low salinity) and did not allow them to investigate the seasonal variation over a
full hydrological cycle. Consequently, our study, based on bimonthly sampling carried out
during a complete year, aims to fill this gap, and has the following objectives:

• To inventory the zooplanktonic fauna of Nokoué Lagoon,
• To describe the spatio-temporal variations of zooplankton on a seasonal scale, in terms

of diversity and abundance,
• To determine the main physicochemical drivers of the zooplankton community and to

verify if salinity is the determining parameter.
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2. Materials and Methods

2.1. Study Area and Annual Hydrological Cycle

Nokoué Lagoon is a shallow lagoon (~1.3 m depth on average during the dry season)
that extends from 2◦20′ E to 2◦35′ E in longitude and 6◦20′ N to 6◦30′ N in latitude. This
lagoon is bounded to the west by the Abomey-Calavi plateau, to the east by the Porto-Novo
Lagoon, to the north by the deltaic floodplain of the Ouémé and Sô Rivers, and to the south
by the city of Cotonou (Figure 1). It extends approximately over 20 km from west to east
and a maximum of 11 km from south to north, covering an area of ~150 km2 at low water
period [3,21,22]. The Cotonou Channel, which is 4 km long and 300 m wide, connects
Nokoué Lagoon to the Atlantic Ocean and thus allows freshwater and saltwater exchanges
between these two environments (Figure 1) [5]. Nokoué Lagoon also communicates in its
western part with the small Djonou River (a few meters wide and a few kilometers long)
and in the east with the Porto-Novo lagoon via the Totchè canal, but they have little effect
on the dynamics of Nokoué Lagoon [21–24].

 

Figure 1. Location of Nokoué Lagoon (Benin) and hydrographic stations carried out between
November 2019 and September 2020. (a) Benin location in West-Africa. (b) Mean salinity (SAL)
during high water period in October (SAL ~ 0) and (c) during low water period in April (SAL ~ 25).
Station numbers are shown in b]; green dots correspond to stations influenced by the Cotonou Canal
and the Atlantic Ocean, blue dots by rivers, and red dots are intermediate stations more representative
of the central zone of the lagoon.

The annual hydrological regime of Nokoué Lagoon can be characterized by three
main periods [3,23,25]. First, during the heavy rainy season in northern Benin (September–
November), the lagoon is filled of freshwater and its water-level strongly increases [5,23].
During this period, the highest species richness of ichthyofauna is observed and the lagoon
is populated by freshwater fish species [8]. Second, during the dry season (December–
April), the lagoon reaches its low water level and is filled with brackish water with an
average salinity of ~25 at the end of the dry season [5,23]. During this period, the species
richness of the main taxonomic families of the ichthyofauna decreases and the lagoon is
depopulated of some freshwater species not tolerant to these high salinity levels [8]. In
contrast, some marine fish species enter the lagoon during this season. Third, during the
main rainy season in southern Benin (May–July), the lagoon level rises slightly, and its
salinity gradually decreases to an average value of less than 10 [5,23].

2.2. Station Location and Sampling Strategy

This study relies on the analysis of six bimonthly campaigns conducted on Nokoué
Lagoon and the Cotonou Channel between November 2019 and September 2020. Each of
the field campaigns took place during two consecutive days around the 15th of the corre-
sponding month. They consisted of 16 physicochemical and biological sampling stations
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(13 in Nokoué Lagoon and 3 in the Cotonou Channel) distributed rather homogeneously
in the study area in order to monitor various environmental and biological conditions
(Figure 1a). Sampling stations were performed during daytime between ~8 am to ~5 pm. A
total of 96 samples were thus taken over the 6 bimonthly campaigns.

2.3. Environmental Parameters

For each of the 96 samples (6 campaigns of 16 stations), the following environmental
parameters were acquired at the surface (within the top 20 cm) using both a Conductivity-
Temperature-Depth (CTD) probe (Valeport-CTD+) and a multi-parameter probe (WTW-
3630IDS): temperature (TEMP, in ◦C), salinity (SAL), turbidity (TURB, in FTU), dissolved
oxygen (DO, in mg L−1). As the water-level of the Nokoué Lagoon strongly varies both
spatially and temporally [23], the water-depth (DEPTH, in m) at each station was measured
using a Garmin GPSmap 421S echosounder.

Water samples were collected at the surface using a 10 L bucket for measurements
of total (organic and inorganic) suspended solids (TSS, in mg L−1), particulate organic
matter (POM, in mg L−1), and Chlorophyll-a (CHL-a, in mg m−3). For each water sample,
500 mL were immediately filtered onboard using Whatman GF/F glass fiber filters with
a 0.7 μm pore size. The CHL-a concentrations were determined by spectrophotometer
after extraction from the filters using 90% acetone [26,27]. For TSS and POM, between
100 and 500 mL (depending on the water turbidity) of water samples were filtered onto
both reweighed GF/F filters and Nucleopore membrane filters (0.4 μm pore size). After
filtration, filters were dried at 55 ◦C for 24 h and reweighed to determine TSS concentrations.
The GF/F filters were then combusted at 550 ◦C for 2 h and reweighed to estimate ash
weight, POM, and percentage of organic matter (%POM). Based on a statistical analysis, we
determined that TSS concentration and turbidity were highly correlated (r2 = 0.97, n = 742,
p < 0.05) and collinear (variance inflation factor, VIF = 14.96). We therefore only retained
turbidity and discarded TSS from subsequent analyses. Similarly, as organic and inorganic
fractions are complementary, we only retained %POM.

2.4. Zooplankton Collection and Sample Analysis

Zooplankton community composition was determined from 96 samples collected at
the 16 stations using a plankton net having a mouth opening diameter of 40 cm and a
mesh size of 50 μm. A mechanical flowmeter (General Oceanics-2030R6) was placed on
the opening of the net to estimate the volume of water filtered. At each site, the net was
rinsed with water from the station, and then towed horizontally at a depth of ~50 cm for 30
to 45 s, which allows an average filtration of ~3–4 m3 of water. The collected filtrate was
then transferred to a pillbox and preserved in 70 mL of 70% ethanol.

The identification and enumeration of zooplankton was done using a digital micro-
scope (Optika B-290TB) and a panel of taxonomic keys [28–47]. For each station, 1 mL of
sample was diluted 5 times with distilled water. Then, 1 mL of this subsample (correspond-
ing to a replicate) was observed under the microscope. The identification and enumeration
of zooplankton was carried out on at least 5 independent replicas per station, until a species
richness plateau was reached, i.e., when no new zooplankton species were observed in three
successive replicas. The zooplankton composition and relative abundance for each station
was then determined from all pooled replicas. For each sample, counts of zooplankton taxa
were converted to abundance (ind. L−1) taking the number of investigated replicas, the
subsample ratio, and the total volume of the sample.

In the present study, copepod nauplii could not be diagnosed at the species level and
were thus pooled into one single taxon. Some species could not be formally identified
(Table 1) but they were distinguished between them taking into account several morpholog-
ical characteristics. Each differentiated morphotype was assigned to a distinct (unnamed)
species. Differentiation of indeterminate copepod species was performed based on (i) the
number of antenna segments, (ii) the cephalosome shape, (iii) the number and appearance
of metasoma segments, (iv) the number and size of urosoma segments, and (v) the number
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and size of setae on each furca. As for the undetermined species of rotifers, they could be
distinguished by (i) the body shape and (ii) the appearance and position of certain organs
(see references quoted above for taxonomic keys).

Table 1. List of zooplankton taxa, their relative abundance (in %) and frequency of occurrence
(in %). The inventoried taxa were sampled in Nokoué Lagoon during 6 bimonthly surveys carried
out between November 2019 and September 2020. The last column indicates the codes of the most
frequent (Focc > 0.25) and abundant (relative abundance higher than 0.5%) taxa, used to study their
relationship with environmental variables.

Group Family Taxa
Relative Abundance
(%)

Frequency of
Occurrence
Focc (%)

Code

Rotifera Asplanchnidae Asplanchna girodi de Guerne, 1888 1.55 15.63
Asplanchna priodonta Gosse, 1850 0.00 1.04
Asplanchna sp. 1 0.32 6.25
Asplanchna sp. 2 0.07 8.33
Asplanchna sp. 3 0.01 2.08
Asplanchna sp. 4 0.06 2.08

Brachionidae Anuraeopsis navicula Rousselet, 1911 0.00 2.08
Anuraeopsis fissa Gosse, 1851 0.00 1.04
Anuraeopsis sp. 0.00 1.04
Brachionus angularis Gosse, 1851 2.83 37.50 R03
Brachionus bidentatus Anderson, 1889 0.28 15.63
Brachionus calyciflorus Pallas, 1766 0.54 23.96
Brachionus caudatus Barrois & Daday, 1894 1.63 30.21 R08
Brachionus falcatus Zacharias, 1898 0.73 32.29 R06
Brachionus mirabilis Daday, 1897 0.01 5.21
Brachionus plicatilis Müller, 1786 7.25 57.29 R01
Brachionus quadridentatus Hermann, 1783 0.00 3.13
Epiphanes macroura (Barrois & Daday, 1894) 0.022 7.29
Epiphanes sp. 0.03 8.33
Keratella cochlearis (Gosse, 1851) 0.09 9.38
Keratella lenzi Hauer, 1953 0.35 15.63
Keratella sp. 0.51 12.50
Keratella tropica (Apstein, 1907) 0.94 34.38 R05
Plationus patulus (Müller, 1786) 0.06 18.75
Platyias quadricornis (Ehrenberg, 1832) 0.06 10.42
Trichotria sp. 0.00 2.08

Conochilidae Conochilus sp. 0.05 10.42
Euchlanidae Euchlanis triquetra Ehrenberg, 1838 0.17 8.33
Lecanidae Lecane bulla (Gosse, 1851) 0.27 25.00

Lecane crepida Harring, 1914 0.02 3.13
Lecane leontina (Turner, 1892) 1.46 26.04 R10
Lecane ludwigii (Eckstein, 1883) 0.01 6.25
Lecane quadridentata (Ehrenberg, 1830) 0.08 6.25
Lecane sp. 0.06 15.63
Lecane closterocerca (Schmarda, 1859) 0.06 14.58
Lecane stenroosi (Meissner, 1908) 0.07 4.17

Lepadellidae Colurella adriatica Ehrenberg, 1831 0.09 11.46
Colurella hindenburgi Steinecke, 1916 0.00 3.13
Lepadella (Lepadella) patella (Müller, 1773) 0.01 2.08
Lepadella sp. 0.00 1.04
Squatinella lamellaris (Müller, 1786) 0.34 14.58

Mytilinidae Mytilina mucronata (Müller, 1773) 0.00 3.13
Notommatidae Cephalodella gibba (Ehrenberg, 1830) 0.00 5.21

Cephalodella gracilis (Ehrenberg, 1830) 0.00 1.04
Cephalodella lipara Myers, 1924 0.00 2.08
Cephalodella mira Myers, 1934 0.00 2.08
Cephalodella sp. 1 0.02 4.17
Cephalodella sp. 2 0.00 1.04
Cephalodella sp. 3 0.00 1.04
Cephalodella sp. 4 0.02 8.33
Cephalodella sp. 5 0.01 1.04
Eothinia elongata (Ehrenberg, 1832) 0.00 1.04
Notommata pachyura (Gosse, 1886) 0.01 3.13
Resticula melandocus (Gosse, 1887) 0.01 8.33
Taphrocampa annulosa Gosse, 1851 0.12 7.29
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Table 1. Cont.

Group Family Taxa
Relative Abundance
(%)

Frequency of
Occurrence
Focc (%)

Code

Philodinidae Philodina sp. 1 0.20 29.17
Philodina sp. 2 0.01 5.21
Rotaria neptunia (Ehrenberg, 1830) 0.06 16.67

Proalidae Proales sp. 0.03 2.08
Scaridiidae Scaridium longicaudum (Müller, 1786) 0.58 8.33
Synchaetidae Polyarthra sp. 0.95 21.88

Synchaeta bicornis Smith, 1904 1.83 32.29 R07
Synchaeta pectinata Ehrenberg, 1832 1.73 37.50 R04
Synchaeta grandis Zacharias, 1893 1.10 23.96
Synchaeta sp. 0.01 8.33

Testudinellidae Testudinella patina (Hermann, 1783) 0.07 14.58
Tetrasiphon sp. 0.02 6.25
Trichocerca brachyura (Gosse, 1851) 0.12 15.63
Trichocerca lata (Jennings, 1894) 0.00 1.04
Trichocerca longiseta (Schrank, 1802) 0.00 1.04
Trichocerca platessa Myers, 1934 0.02 1.04
Trichocerca rattus (Müller, 1776) 0.01 6.25
Trichocerca similis (Wierzejski, 1893) 0.05 12.50
Trichocerca sp. 1 0.01 4.17
Trichocerca sp. 2 0.01 6.25
Trichocerca sp. 3 0.00 1.04
Trichocerca tenuior (Gosse, 1886) 0.00 1.04

Trochosphaeridae Filinia longiseta (Ehrenberg, 1834) 1.48 38.54 R02
Filinia opoliensis (Zacharias, 1898) 0.54 28.13 R09

Trichotriidae Macrochaetus sp. 1 0.01 2.08
Macrochaetus sp. 2 0.11 2.08

Copepoda unidentified
Cyclopoida Cyclopoid sp. 1 4.92 89.58 C02

Cyclopoid sp. 2 0.01 6.25
Cyclopoid sp. 3 0.04 9.38
Cyclopoid sp. 4 0.03 5.21
Cyclopoid sp. 5 0.10 38.54
Cyclops strenuus strenuus Fischer, 1851 0.03 10.42
Ectocyclops sp. 0.27 51.04

Corycaeidae Corycaeus sp. 0.00 1.04
Oithonidae Oithona sp. 0.72 36.46 C04

Oithona plumifera Baird, 1843 0.00 1.04
Oncaeidae Oncaea clevei Früchtl, 1923 0.22 8.33
unidentified
Calanoida Calanoid spp. 1.26 35.42 C05

Calanoid sp. 1 3.69 75.00 C03
Calanoid sp. 2 0.01 3.13

Temoridae Temora turbinata (Dana, 1849) 0.00 2.08
Ectinosomatidae Microsetella sp. 0.41 58.33

Microsetella norvegica (Boeck, 1865) 0.00 3.13
Microsetella rosea (Dana, 1847) 0.00 1.04

Miraciidae Macrosetella gracilis (Dana, 1846) 0.01 9.38
Tachidiidae Euterpina acutifrons (Dana, 1847) 0.02 3.13

Nauplius 56.27 97.92 C01

Cladocera Chydoridae Alona sp. 0.00 2.08
Daphniidae Ceriodaphnia sp. 0.03 17.71
Macrothricidae Macrothrix sp. 0.01 2.08
Moinidae Moina micrura Kurz, 1875 0.19 29.17
Sididae Penilia avirostris Dana, 1849 0.00 1.04

Eumalacostraca Mysidae Mysis sp. 0.02 5.21

Mollusca Undetermined Mollusca spp. 2.52 73.96 M01

Ostracoda Undetermined Ostracod sp. 0.04 15.63
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The zooplanktonic specific diversity (H’) was estimated by the Shannon index [48,49]:

H′ = −
S

∑
i=1

ni
N

log2

(ni
N

)

where i is a specific species, S is the total number of species (or species richness), ni is the
number of individuals for species i, and N is the total number of individuals considering
all species.

Species evenness was determined by the Pielou’s equitability index (J) [50–52]:

J =
H′

log2S

This index, which represents the distribution of individuals over species, varies be-
tween 0 when a single species dominates, and 1 if all species have an identical abundance.

In addition, the frequency of occurrence (Focc) of each species in all 96 samples
was computed (Table 1). A species is considered as frequent if Focc ≥ 0.5, occasional
if 0.25 ≤ Focc < 0.5, infrequent, accidental if 0.05 ≤ Focc < 0.25, and rare if Focc < 0.05.

2.5. Data Interpolation and Statistics

For each field campaign, all the results (species richness, abundance, H’, J) were
spatially interpolated onto a regular grid of ~100 m × 100 m resolution, using an objective
interpolation scheme implemented in MATLAB® [53–55].

To test for general significant spatial or temporal variability in the environmental
parameters (TEMP, SAL, DEPTH, TURB, %POM, DO, CHL-a) and zooplankton groups,
several statistical tests were used. The non-parametric Wilcoxon–Mann–Whitney test
(WMW-test) was used to test the significance of variations between the minimum and
maximum mean values observed between 2 stations or between 2 campaigns. Similarly, the
non-parametric Kruskal–Wallis test (H-test) was applied to test the significance of overall
variations observed between the 6 campaigns or between the 16 stations.

In order to test for the effects of the seasons (bi-monthly surveys) and geographic
locations (and their interactions) on the environmental variables and zooplankton data,
we also used two-way analyses of variance (ANOVA). Two-way ANOVA were performed
on Box-Cox transformed data (to approach the hypotheses of normality, independence
and homogeneity), and the data were grouped into 3 sub-regions (Figure 1b): the first
group includes stations under the direct influence of the Cotonou Channel (green dots
in Figure 1b); the second group includes stations under the influence of rivers (blue dots
in Figure 1b), while the third group includes stations more representative of the lagoon
environment (orange dots in Figure 1b).

General relationships between the diversity and abundance of major zooplankton
groups or taxa and environmental variables were investigated using redundancy analyses
(RDA) [56]. To do so, we considered only zooplankton groups representing at least 3% of
the total diversity and abundance. A Monte Carlo permutation test was used to check the
significance (p < 0.05) of the relationships between the zooplankton and each environmental
variable, using 10,000 randomizations. Environmental variables were ranked according
to their quantitative importance through manual selection based on the Monte Carlo
permutation test. Environmental variables that do not significantly (p < 0.05) increase the
explained variance were removed from RDA analyses. Prior to RDA analyses, zooplankton
abundances were Hellinger-transformed to down-weight the influence of rare species
having low counts and many zeros [57]. Note that RDA analyses were used since detrended
canonical correspondence analysis (DCCA) revealed maximum gradient lengths of the
response data lower than 2 [58].

We also related abundance and species richness of the main zooplankton groups and
taxa to individual environmental variables using generalized additive models (GAMs) [59].
The GAMs allow for nonlinearity in the relationships between the predictor variable

137



J. Mar. Sci. Eng. 2023, 11, 556

(environmental parameter) and the response variable (zooplankton abundance or diversity).
Low-rank thin plate splines were applied, and the smoothing parameters were determined
through restricted maximum likelihood (REML). The best models, associated with the
lowest values of Akaike’s information criterion (AIC) and the highest explained deviances,
included all 7 environmental variables and 5 degrees of freedom for the smoothing curve
functions. In these models, response variables were linked to the additive predictors using
log-link functions and Tweedie family distributions. Explained deviances of the GAMs
and p-values were examined to retain and describe only those environmental variables
that significantly (p < 0.05) explained zooplankton variations. The GAMs were carried out
using untransformed abundance data.

All statistical analyses, the RDA, and the GAMs were performed using the free R
Statistical Software (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria)
and CANOCO 4.5 software [60]. In particular, we used the R package mgcv [61,62].

3. Results

3.1. Seasonal Variations of Environmental Parameters

Figure 2 shows the seasonal variations of the physicochemical parameters in Nokoué
Lagoon from November 2019 to September 2020. H-tests revealed that all physicochemical
factors exhibited significant (p < 0.05) bimonthly differences and some of these variables (SAL,
DEPTH, DO) also showed significant mean differences between the overall stations (Table 2).

 

Figure 2. Seasonal variation of environmental parameters for the six bimonthly surveys carried out
between November 2019 and September 2020. (a) Temperature (TEMP, in ◦C). (b) Salinity (SAL).
(c) Station depth (DEPTH, in m). (d) Turbidity (TURB, in FTU). (e) Fraction of particulate organic
matter in total suspended material (%POM, in %). (f) Dissolved oxygen concentration (DO, in
mg L−1). (g) Chlorophyll-a concentration (CHL-a, in mg L−1). On each subplot, the gray bars show
the mean value (red horizontal line) +/− one standard deviation for all 16 stations, while the green,
blue, and orange vertical bars show the range of data in each sub-region defined in Figure 1b. These
colored bars thus extend from the minimum to the maximum value observed in each sub-region, and
the black horizontal lines show the mean values of the data indicated by the black circles.
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Table 2. Results of statistical analyses on environmental and zooplankton variables.
Wilcoxon–Mann–Whitney test (WMW-test) was used to test the variations between the minimum
(Min.) and maximum (Max.) mean values observed between two campaigns (spatial average) or
between two stations (temporal average). Kruskal–Wallis test (H-test) was applied to test the significance
of overall variations observed between the six campaigns (temporal analysis, df = 5) or between the
16 stations (spatial analysis, df = 15). Significance levels (S.L.): * p < 0.05, ** p < 0.01, *** p < 0.001, n.s.
not significant.

WMW-Test H-Test

Spatial Average Temporal Average
Temporal
Analysis
χ2 (df = 5)

Spatial
Analysis

χ2 (df = 15)

Variable Min. Max. S.L. Min. Max. S.L.

Environmental variables
TEMP (◦C) 25.9 31.4 *** 28.4 30.1 n.s. 75.8 *** n.s.
SAL 1.9 23.2 *** 5.4 24.9 *** 62.5 *** 25.4 *
DEPTH (m) 2.0 2.6 ** 1.0 6.4 *** 14.8 * 77.0 ***
TURB (FTU) 5.6 110.1 *** 7.3 92.2 *** 52.7 *** n.s.
%POM (%) 24.3 63.9 ** 26.1 61.9 *** 45.2 *** n.s.
DO (mg L−1) 5.6 7.3 ** 5.4 7.7 *** 15.3 ** 37.6 **
CHL-a (mg m−3) 5.3 16.5 ** 5.9 21.7 * 29.6 *** n.s.

Zooplankton
Species Richness 9 30 *** 13 18 n.s. 65.5 *** n.s.
H’ 1.2 3.5 *** 1.7 2.7 n.s. 55.4 *** n.s.
J 0.4 0.7 *** 0.4 0.7 ** 31.6 *** n.s.
Zooplankton abundance (ind L−1) 36.5 74.9 n.s. 20.0 193.9 * n.s. n.s.
Copepod relative abundance (%) 27.0 93.4 *** 46.2 87.7 n.s. 47.6 *** n.s.
Rotifer relative abundance (%) 6.3 71.5 *** 11.1 50.9 * 53.8 *** n.s.

A significant water temperature decrease was observed between maximum values
of 30–31 ◦C from November 2019 to May 2020, and minimum values of 26–27 ◦C in July
and September 2020 during the rainy and flood season (Figure 2a and Table 2). The lagoon
is rather spatially homogeneous in temperature, with no significant difference in mean
temperature between the stations (TEMP = 28.4–30.1 ◦C on average, see Table 2). However,
the two-way ANOVA analysis revealed significant spatial and temporal variations (without
interaction) in the three sub-regions considered (Table 3 and Figure 2a): temperatures
tended to be cooler in the Cotonou Channel close to the Atlantic Ocean (green bars in
Figure 1a) and warmer in the lagoon and towards the river mouths (orange and blue bars
in Figure 2a), more particularly during dry season in January-May.

Mean salinity values strongly increased from November (SAL ~ 0) to May (SAL > 23),
before decreasing to less than 5 in July and September (Figure 2b). The two salinity outliers
of November 2019 (SAL of 10–20) and September 2020 (SAL of 20–30) were observed in
the Cotonou Channel during flood tide. Indeed, during September–November, strong
river discharges were observed and seawater can only marginally penetrate the Cotonou
Channel under the effect of the tide (e.g., [5,23]). During most of the bimonthly surveys, the
minimum salinity values were observed near the river mouths while the maximum values
were observed in the Cotonou Channel sub-region (see also [5]). Both the nonparametric
tests and the two-way ANOVA revealed significant spatial and temporal salinity variations
(Tables 2 and 3).

Figure 2c shows that November 2019 corresponded to the end of the high water period
whereas May 2020 corresponded to the end of the low water period. Statistical tests suggested
that seasonal and spatial DEPTH variations were significant (Tables 2 and 3). Bathymetry is
significantly deeper in the Cotonou Channel (DEPTH > 6 m for Stations 1 and 2) than in the
lagoon or close to the river mouths (Figure 2c). This large spatial variability partly masks the
non-negligible water-level decrease of 0.60–0.70 m observed between high and low water
seasons (see also [23]).
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Table 3. Significant F-values (p < 0.05) derived from two-way ANOVA on the influence of seasons (bi-
monthly campaigns), sub-regions and interaction between seasons and sub-regions on environmental
and zooplankton variables. Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

Variable
Seasons

F-Value (df = 5)
Sub-Regions

F-Value (df = 2)
Seasons × Sub-Regions

F-Value (df = 10)

Environmental variables
TEMP (◦C) 192.5 *** 10.7 *** n.s.
SAL 47.8 *** 8.7 *** n.s.
DEPTH (m) 6.3 *** 58.6 *** n.s.
TURB (FTU) 35.0 *** 13.1 *** 2.7 **
%POM (%) 14.4 *** n.s. n.s.
DO (mg L−1) 4.8 *** 4.0 * n.s.
CHL-a (mg m−3) 9.9 *** 4.1 * n.s.

Zooplankton
Species richness 42.2 *** n.s. n.s.
H’ 26.5 *** n.s. n.s.
J 9.5 *** n.s. n.s.
Zooplankton abundance (ind L−1) n.s. n.s. n.s.
Copepod relative abundance (%) 18.4 *** n.s. n.s.
Rotifer relative abundance (%) 21.4 *** n.s. n.s.

Turbidity was relatively low (<15 FTU) from November 2019 to May 2020, and strongly
increased to reach mean values of ~100 FTU at the beginning of the rainy season in July
2020 (Figure 2d and Table 2). The TURB showed significant temporal and spatial variability
in the three sub-regions, with higher values close to the river mouths (Figure 2d and
Table 3). A closer inspection of the turbidity data revealed the presence of a turbid plume
that extends to the south of the Ouémé (east of the lagoon), particularly during the rainy
season. Figure 2e showed that %POM, which represents the organic fraction of TSS,
was maximum in November 2019 (%POM ~ 60%) and decreased to a minimum in July-
September 2020 (%POM ~ 25%). Although statistical analyses did not reveal significant
spatial variations in %POM (p > 0.05; Table 2), the %POM was generally slightly higher in
the lagoon environment, than close to the river mouth or in the Cotonou Channel (Figure 2e).
Similarly, the %POM was on average significantly (WKW-test, p < 0.05) lower at Station 7
(%POM ~ 24%) than at Station 13 (%POM ~ 64%) (Table 2). High TURB values (Figure 2d)
were associated with low %POM values (Figure 2e), suggesting that river plumes observed
at the beginning of the wet season transport mineral sediments towards the lagoon, thus
decreasing the proportion of organic matter.

Mean DO concentration varied from a minimum of less than 6 mg L−1 in November
2019 (Figure 2f), during a flood period when the lagoon was filled of freshwater. In contrast,
higher DO concentrations (DO > 7 mg L−1) were observed during low water season
between January and July of 2020. Both spatial and temporal variations were significant
(p < 0.05, Tables 2 and 3). During high water period, the water near the river mouths tended
to be much less oxygenated than in the rest of the lagoon (Figure 2f).

The CHL-a showed significant temporal variability (p < 0.05 Tables 2 and 3) with
stronger values (>15 mg m−3) during high-water periods in November 2019 and September
2020, and lower values (<10 mg m−3) in low-water season between January and July
2020 (Figure 2g). Significantly higher CHL-a concentrations were also generally observed
near the river mouths (Figure 2g and Table 3). In contrast to the other months, CHL-a in
January 2020 was very homogeneous throughout the lagoon and had relatively low values
(5–10 mg m−3).

3.2. General Distribution of the Zooplankton Community

A total of 109 zooplanktonic species were inventoried, including 81 taxa of rotifers,
20 of copepods (without considering nauplii), five of cladocerans and three organisms that
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belonged to three other zooplankton groups (Eumalacostraca, Mollusca, and Ostracoda)
(Table 1 and Figure 3). Among all the organisms identified, one rotifer taxon (Brachionus
plicatilis), four copepod taxa (cyclopoid sp. 1, Ectocyclops sp., calanoid sp. 1, and Microsetella
sp.), copepod nauplii and unidentified mollusks were considered frequent species, with
Focc ranging from 51% to ~98% (Table 1). The other species identified were either occasional
(15 taxa), accidental (46 taxa) or rare (42 taxa) species (Table 1).

 

Figure 3. Overall species richness (blue), mean abundance (red), Shannon species diversity index
(H’, yellow) and Piélou equitability index (J, green) for each of the zooplankton groups (Rotifera,
Copepoda, Cladocera, Eumalacostraca, Ostracoda, Mollusca) as well as for the entire zooplankton
community (Total).

Considering the six field campaigns, the average abundance of zooplankton organisms
was ~60 ind L−1. This abundance was dominated by copepods (68.1% of the individuals)
and rotifers (29.1%) (Figure 3). The average relative abundance of Mollusca was weak
(2.5%), whereas cladocerans, Eumalacostraca, and Ostracoda were negligible (Figure 3).
For the rest of the manuscript, we focused mainly on the two main groups of zooplankton,
namely copepods and rotifers, which represented 92.7% of the total species richness and
97.2% of the zooplankton abundance.

The Shannon diversity index showed an overall value of 4.6 (Figure 3). This index,
computed for each group, indicated that rotifers were the most diverse group (H’ = 4.2)
followed by copepods (H’ = 2.2) (Figure 3). On average, the relative abundance of each
species was rather homogeneous within the copepods, rotifers and cladocerans (J ~ 0.5–0.7)
(Figure 3).

On average over the six surveys, the number of zooplanktonic species observed varied
non-significantly (p > 0.05) between 13 and 18 species depending on the stations (Table 2).
Similarly, no significant variation in species richness was observed between the three
sub-regions considered (Table 3). Despite a significant decrease in mean zooplankton
abundance from a maximum of ~190 ind L−1 in the northwest of the Lagoon to a minimum
of ~20 ind L−1 in the Cotonou Channel (p < 0.05), no significant spatial difference (p > 0.05)
was observed when considering the abundance distributions at each of the 16 stations
or between the three sub-regions (Table 2). This may be due to the presence of multiple
intermediate values that reduced noise and increased the statistical power of the analy-
sis, thereby masking the dissimilarity that existed between the two extreme abundance
distributions observed between the Channel and northwest of the Lagoon.

On average, copepods were the dominant group, representing 50–80% of the total
abundance in the lagoon and reaching almost 90% at the connection of the Cotonou Channel
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with the Atlantic Ocean (Station 1) (Table 2). In contrast, the relative abundance of rotifers
was relatively low (10–50%) over the whole lagoon (Table 2). Spatial variations in relative
fractions of copepods or rotifers were not significant (p > 0.05; Tables 2 and 3).

The averaged Shannon species diversity index values varied from 1.7 to 2.7 but
these weak spatial variations were not significant (p > 0.05; Table 2). Piélou’s equitability
index values broadly followed the H’ distribution, suggesting that where specific diversity
was higher in the lagoon, abundance was more evenly distributed among the different
zooplankton species. The Piélou’s equitability index values significantly varied between
0.4 and 0.7 (p < 0.01; Table 2).

3.3. Seasonal Variation of the Zooplankton Community

Zooplankton species richness peaked during the flood period in November 2019, with
30–40 distinct zooplanktonic taxa at each station (Figure 4a). During the low water period,
from January to May 2020, the species richness decreased sharply down to 10–15 taxa
at each station. During the rainy period (July 2020) and the beginning of the high water
period (September 2020), species richness gradually increased and reached 20–30 species
per station in September 2020. These seasonal variations in species richness were highly
significant (p < 0.001) unlike spatial variations (Tables 2 and 3).

 

Figure 4. Spatial distribution of bimonthly variation of different zooplankton parameters. (a) Species
richness (1st row), (b) Shannon species diversity index (H’, 2nd row), (c) Piélou equitability index (J,
3rd row), (d) Total abundance (in ind L−1, 4th row), (e) Copepod relative abundance (in %, 5th row),
and (f) Rotifer relative abundance (in %, 6th row).
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Spatio-temporal variation in zooplankton abundance was more complex (Figure 4d).
Throughout the year, abundance was relatively low in the lagoon (typically 15–40 ind L−1)
except in specific locations, usually to the east or west, where values could locally in-
crease to 200–400 ind L−1. The observed spatio-temporal variations, considering all sta-
tions/campaigns or the three sub-regions, are not statistically significant (Tables 2 and 3).
However, abundance distributions differed significantly (p < 0.05) between Station 2 located
in the Cotonou Channel (mean abundance of 20 ind L−1) and Station 14 located in the
northwestern part of the lagoon (>190 ind L−1) (Table 2).

The relative proportion of copepods varied inversely with abundance (Figure 4e). In
November 2019 and September 2020, the percentage of copepods was relatively low in
most of the lagoon, with relative abundance values below 60% and 40% in September and
November, respectively. During this period, the zooplanktonic assemblage was therefore
dominated in abundance by rotifers (Figure 4f). However, during the low water period,
from January to May 2020, the proportion of copepods significantly increased (p < 0.001;
Tables 2 and 3) and exceeded 80% in most areas of the lagoon (Figure 4e). In contrast to
temporal variations, spatial variations were not significant except for the proportion of
rotifers which showed, on average, significantly (p < 0.05) lower values in the Cotonou
Channel (Station 1~11%) than near the Ouémé River (Station 7~51%) (Table 2).

The combination of species richness and abundance led to diversity index values
that varied similarly to species richness (Figure 4b). The Piélou equitability index val-
ues varied similarly, suggesting that abundance was relatively well distributed among
species when diversity was high, while some species dominated when abundance was low
(Figure 4c). The observed bi-monthly variations of both H’ and J were significant (p < 0.001;
Tables 2 and 3).

In general, spatial variations in zooplankton were not statistically significant, either
between all stations or between the three sub-regions more influenced by rivers or the ocean
(Tables 2 and 3). However, we showed that the zooplankton community of the Nokoué
Lagoon tended to significantly vary on a seasonal scale, and that it was likely to be strongly
impacted by environmental parameters that also showed significant seasonal variability
(Figure 2 and Tables 2 and 3). Therefore, we analyzed more thoroughly the relationships
between physicochemical factors and zooplankton composition.

3.4. Relationship between Rotifer and Copepod Diversity and Environmental Factors

Zooplankton diversity of the two most abundant groups (rotifers and copepods) was
combined with environmental variables to identify the main drivers of the general zoo-
plankton community structure using a RDA (Figure 5a). Four environmental variables
significantly constrained (p < 0.05) the overall variance of the zooplankton diversity, explain-
ing 54.8% of the total variability. The environmental variable with the greatest explanatory
power for zooplankton species richness was salinity (F = 59.6, p < 0.001) which explained
38.8% of the total variability, followed by dissolved oxygen (F = 15.5, p < 0.001) which
explained 8.8%. Turbidity (F = 7.9, p < 0.01) and station depth (F = 5.5, p < 0.01) were of
secondary importance, explaining 4.4% and 2.8% of the total variance, respectively. The
first RDA axis was mainly scored by salinity (r = −0.64) followed by oxygen (r = −0.43),
whereas axis 2 was mainly scored by water-depth (r = 0.26) followed by the three other
parameters (r = ±0.12–0.15) (Figure 5a). The RDA analysis revealed that higher copepod
diversity was primarily associated with higher salinities (Figure 5a). In contrast, higher
rotifer species richness was related to weaker SAL and DO values.

To further investigate the impact of key environmental factors on the diversity of each
of the dominant groups (rotifers and copepods), the GAMs were fitted on the response of
rotifer and copepod species richness to environmental parameters. Considering all seven
environmental variables, the GAMs had the highest explained deviance (76% for rotifers and
57.8% for copepods) and adjusted R2 (0.70 for rotifers and 0.53 for copepods). The response
plots were shown in Figure 5b–e, only for variables with a significant effect (p < 0.05).
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Figure 5. Redundancy analyses (RDA) and generalized additive models (GAMs) relating diversity
of copepods and rotifers to environmental variables. (a) RDA diagram of species richness and
environmental parameters. (b–e) GAMs of species richness versus temperature (TEMP), salinity
(SAL), depth (DEPTH) and dissolved oxygen (DO). Only significant (p < 0.05) relationships are shown
for copepods and rotifers. Shaded areas indicate the 95% confidence intervals.

The most significant parameter for copepod diversity was SAL followed by TEMP
(p < 0.001). Copepod diversity decreased almost linearly with temperature, slightly varying
from 7–8 species for TEMP < 26 ◦C to 3–4 species for TEMP > 32 ◦C (Figure 5b). In
contrast copepod species richness increased with salinity, from ~3–4 species in freshwater
to 6–7 species for SAL > 20 (Figure 5c). Copepod species richness was not significantly
(p > 0.05) influenced by other environmental variables and was therefore not shown in
Figure 5d,e.

In a similar way, the most significant parameter for rotifer diversity was SAL (p < 0.001)
followed by DEPTH (p < 0.001) and DO (p < 0.01). The other environmental parameters do
not significantly (p > 0.05) influence rotifer species richness. The evolution of rotifer species
richness as a function of salinity showed opposite variations to that of copepods, with a
much higher diversity in low-salinity water, and only very few species persisted when
SAL > 20 (Figure 5c). The diversity of rotifers tended to be higher at the deepest (Figure 5d)
or least oxygenated (Figure 5e) stations. Note, however, the large errors for depths between
3–6 m (Figure 5d) or DO values less than 5 mg L−1, due to the lack of data in these ranges.

3.5. Relationship between Rotifer and Copepod Abundance and Environmental Factors

We investigated the main drivers of the general zooplankton abundance, applying a
RDA to the abundance of the two main zooplankton groups (i.e., rotifers and copepods)
combined with environmental variables (Figure 6a). The RDA used three variables that
significantly constrained (p < 0.05) the overall variance of the zooplankton abundance,
explaining 47.8% of the total variability: the environmental variable with the greatest
explanatory power for zooplankton abundance was salinity (F = 55.9, p < 0.001) which
explained 37.3% of the total variability. Water temperature (F = 9.6, p < 0.01) and station
depth (F = 8.1, p < 0.01) were of secondary importance, explaining 5.5% and 5% of the
total variance, respectively. The first RDA axis was mainly scored by salinity (r = 0.62)
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followed by temperature (r = 0.19), whereas axis 2 was mainly scored by temperature
(r = −0.29) followed by water depth and salinity (r = ±0.07) (Figure 6a). The RDA analysis
revealed that higher abundances of copepods and lower abundances of rotifers were mainly
associated with higher salinities.

 

Figure 6. Redundancy analyses (RDA) and generalized additive models (GAMs) relating abundance
of copepods and rotifers to environmental variables. (a) RDA diagram of abundances and environ-
mental parameters. (b–f) GAMs of abundances versus temperature (TEMP), salinity (SAL), depth
(DEPTH), turbidity (TURB) and dissolved oxygen (DO). Only significant (p < 0.05) relationships are
shown for copepods and rotifers. Note the change in scale between subplots (b) and (c–e). Shaded
areas indicate the 95% confidence intervals.

Nonlinear relationships between the abundances of each of the dominant zooplankton
groups (rotifers and copepods) and environmental variables were also explored through
GAMs (Figure 6b–f). The GAMs including the seven environmental variables have ex-
plained deviances of 50.6% for rotifers and 55.2% for copepods, and adjusted R2 of 0.14 for
rotifers and 0.41 for copepods. As previously, response plots were presented in Figure 6b–e,
only for variables with a significant effect (p < 0.05).

The copepod abundance variability is significantly related to five environmental
parameters (p < 0.001; Figure 6b–f). Copepod abundance strongly decreased for temperature
between 25.5 ◦C and 26 ◦C, and then remained around 15–25 ind L−1 for TEMP > 26 ◦C
(Figure 6b). Note, however, that the high abundance values for TEMP < 26 ◦C were highly
uncertain because of the lack of data in these temperature ranges. Copepod abundance
increased progressively from ~20 ind L−1 in freshwater to more than 60 ind L−1 for
SAL > 30 (Figure 6c). For the other environmental variables (DEPTH, TURB, %POM), the
abundance of copepods was found to be higher the lower the depth of the stations, the
turbidity of the water and the fraction of organic matter (Figure 6d–f).

The rotifer abundance variability was significantly related to SAL (p < 0.001) followed
by %POM (p < 0.01) and TURB (p < 0.05). Rotifers were more abundant for lower salinities
and even dominant (>20 ind L−1) for SAL < 3. Rotifer abundance rapidly decreased
with salinity and was less than 10 ind L−1 for SAL > 10 (Figure 6c). Variations in rotifer
abundance as a function of TURB and %POM were more complex and showed a bell shape
with relatively high values (~20 ind L−1) for intermediate values of turbidity (~50 FTU)
and organic matter (~50%) (Figure 6e,f). However, associated errors were also important
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for these fitted GAMs. In contrast to copepods, station depths and water temperature did
not have a significant impact (p > 0.05) on variations in rotifer abundance.

3.6. Relationship between Abundance of the Most Frequent Taxa and Environmental Factors

In this section, we first examined the general relationship between the abundances
of the most frequent (Focc > 25%) and most abundant (>0.5%) zooplanktonic taxa and
environmental parameters, using an RDA. Therefore, 16 taxa were considered, including
five copepod taxa (including Nauplius), 10 rotifer taxa and Mollusca sp. The list of these
taxa and their frequency of occurrence were presented in Table 1 and Figure 7. The
RDA used four variables that significantly constrained (p < 0.05) the overall variance of
the species-specific abundances, explaining 23% of the total variability (Figure 7a). The
environmental variable with the greatest explanatory power was again salinity (F = 12.0,
p < 0.001), which explained 11.3% of the total variability. The DO concentration (F = 5.1,
p < 0.01), TEMP (F = 4.2, p < 0.01) and CHL-a (F = 3.9, p < 0.01) concentration, were of
secondary importance, explaining 4.7%, 3.6%, and 3.4% of the variance, respectively. The
first RDA axis was mainly scored by SAL (r = 0.67) followed by CHL-a (r = −0.40), whereas
axis 2 was mainly scored by DO (r = 0.54) and TEMP (r = −0.40) (Figure 6a). Higher
abundances of the most frequent copepod taxa were in general associated with higher
salinities, whereas the abundance of the most frequent rotifer taxa likely increased with
low salinity (or high CHL-a) values.

To further investigate the impact of environmental variables on the most frequently
observed zooplankton taxa, we used GAMs to relate the seven environmental variables to
these different taxa. Depending on the taxon considered, the explained deviance varied
between a minimum value of 33.4% for Calanoid spp. (coded C05) and a maximum value of
94.5% for Brachionus caudatus (coded R08) (Table 4). The taxa with the strongest relationship
with environmental variables (highest explained deviance) belonged to the rotifer group
(e.g., Brachionus caudatus, Brachionus angularis, Filinia opoliensis, Brachionus falcatus, Lecane
leontina) (Table 4). The most important variable was SAL, followed by CHL-a, as also noted
on the RDA (Table 4 and Figure 7a).

 

Figure 7. Redundancy analyses (RDA) and generalized additive models (GAMs) relating abundance
of the most frequent zooplankton taxa to environmental variables. (a) RDA diagram of taxa abun-
dances and environmental parameters. (b,c) GAMs of taxa abundances versus salinity (SAL). Only
the three most significant (p < 0.05) relationships are shown for copepods and rotifers. Note the
change in scale between subplots (b) and (c). Taxa were coded according to the legend shown on the
right (see also Table 1). Shaded areas indicate the 95% confidence intervals.
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Table 4. Each row summarizes the GAM for that particular taxa: percent deviance explained
(%Deviance) and significance of each environmental variable. Black cells represent p-values < 0.001,
dark gray cells represent p-values < 0.01, light gray cells represent p-values < 0.05, and white cells
represent non-significant p-values.

Zooplankton Taxa Code %Deviance SAL TURB TEMP OXY WL CHL-a POM

Nauplius C01 57.2

Cyclopoid sp. 1 C02 71.2

Calanoid sp. 1 C03 58.5

Oithona sp. C04 82.1

Calanoid spp. C05 33.4

Brachionus plicatilis R01 72.2

Filinia longiseta R02 79.8

Brachionus angularis R03 91.1

Synchaeta pectinata R04 63.9

Keratella tropica R05 80.1

Brachionus falcatus R06 89

Synchaeta bicornis R07 81.2

Brachionus caudatus R08 94.5

Filinia opoliensis R09 89.4

Lecane leontina R10 82.3

Mollusca spp. M01 67.6

Salinity was significantly related (p < 0.05) to the abundance of 13 of the 16 taxa most
frequently and abundantly observed in Nokoué Lagoon (Table 4), and very significantly
related (p < 0.001) to nine of them. We were therefore studying more specifically the
relationship between zooplankton taxa and salinity. However, for the sake of clarity and
conciseness, we presented in Figure 7b,c only the three taxa of copepods (Cyclopoid sp. 1,
Calanoid sp. 1, Oithona sp.) and rotifers (Filinia longiseta, Lecane leontina, Brachionus falcatus)
for which the partial deviances explained by salinity were the most important. Concerning
the copepods, abundances of Cyclopoid sp. 1 (coded C02) and Calanoid sp. 1 (coded
C03) showed almost unimodal distributions, with maximum abundances for salinities
between 20 and 30 (Figure 7b). The abundance of Oithona sp. (coded C04) also increased
for salinities above 20, but its abundance is an order of magnitude lower than that of the
other two copepod taxa (Figure 7c). Concerning the rotifers, abundances of Filinia longiseta
(coded R02) Brachionus falcatus (coded R06) strongly increased for SAL < 5, whereas the
abundance of Lecane leontina (coded R10) started to increase for SAL < 15 (Figure 7c). In
very low-salinity waters, Filinia longiseta dominated the two other copepod taxa. Although
not shown, the abundance of other rotifer taxa showed similar relationships with salinity,
with the exception of Brachionus plicatilis (coded R01) which showed a roughly unimodal
distribution with a marked maximum for a SAL ~ 8. This planktonic species is known to
be a euryhaline rotifer that tolerates a wide range of salinities.

4. Discussion

4.1. Zooplankton Composition and Diversity

This study enabled us to identify 109 distinct zooplanktonic taxa in the Nokoué Lagoon,
including 81 taxa of rotifers, 20 of copepods, five of cladocerans and three other organisms.
Representing ~75% of the species richness, rotifers were thus the most diversified group, as
also observed in other regional tropical lagoons, from Ivory Coast to Nigeria [63–66]. The
total species richness of 109 zooplanktonic taxa recorded in our study far exceeded that
previously reported in Nokoué Lagoon (31 taxa) [20]. This difference could be explained by
the sampling that covered here the whole hydrological cycle and a wide range of salinity,
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while in the previous study zooplankton were analyzed between June and September
when salinity was low [20]. In addition, the methodology implemented in our study (see
Section 2.1.) was different from that used previously (mesh size, volumes filtered, location
of sampling stations, number of replicates, etc.). Note that taxa not identified to specific
levels (see Table 1) have been conscientiously distinguished from each other on the basis of
clear morphological features (see Section 2.3). As a consequence, the taxonomic list obtained
here (Table 1), and the resulting greater diversity cannot be attributed to misclassification
and erroneous separation of individuals belonging to the same species.

Relationships between zooplankton diversity and environmental variables, as investi-
gated through RDA and GAMs, showed that salinity was the key parameter for species
richness, explaining a large part of the total variance. Consequently, seasonal salinity
variations in Nokoué Lagoon, which strongly varied from 0 in the flood period to ~24
in low-water period (Figure 2b; see also [5]), were associated with strong changes in the
structure and diversity of zooplankton assemblages. During low-salinity (flood) periods,
a higher diversity of rotifers, and thus zooplankton, was observed (Figures 4–6), consis-
tently with other regional studies e.g., [65,67]. During floods, a relatively high freshwater
inflow (up to 1200 m3 s−1) from the Sô and Ouémé rivers was observed [23,68]. These
river discharges could transport into the lagoon the numerous zooplankton species (~100
zooplankton taxa, including ~90 rotifers) observed in the rivers [69]. Furthermore, the high
dominance of rotifers during the flood period in November 2019 (Figure 4f) was associated
with relatively low DO values (Figure 2f), as also suggested by the GAMs (Figure 5e). These
low DO values are likely related to the degradation of a significant amount of POM in the
lagoon (Figure 2e) that can originate, during the flood season, from several sources, such as
the Ouémé deltaic plain, urban water drainage, or acadjas (i.e., traditionally made bamboo
parks used by local fishermen to grow fish) [19,69]. The degradation of this POM, which
consumes oxygen, was generally the main source of nutrients for rotifers [10,63,70,71]
which may have increased rotifer diversity during the period of very low salinity and low
DO concentrations during flooding. The composition and diversity of rotifers can also
reflect a certain level of eutrophication in Nokoué Lagoon. Indeed, rotifers are among the
only zooplanktonic organisms that are resistant to high organic matter enrichment and
dissolved oxygen depletion [72,73]. The high diversity of Brachionidae and the presence
of Brachionus falcatus (Figure 7), could be an indicator of eutrophication in Nokoué La-
goon [74,75], as well as the species Cephalodella gibba which was often associated with high
POM concentrations. In the future, additional measurements of eutrophication, especially
nitrogen and phosphorus compounds, would be needed to better interpret zooplankton
structure and their use as a bioindicator of environmental conditions in Nokoué Lagoon.

During the low water period, Nokoué Lagoon was very salty, and we observed a
strong decrease in the diversity of rotifers associated with an increase in the diversity
of copepods (Figures 4 and 5), once again corroborating other regional studies [11,66].
Salinity tends to cause stressful ecological conditions and decreases biodiversity in lagoon
ecosystems, particularly rotifers and cladocerans [12]. Rotifers are typically dulcaquicolous
organisms (1488 taxa out of 1570 described in this phylum [76]). Only halotolerant rotifers
could withstand the haline stress observed in Nokoué Lagoon, such as Synchaeta bicornis, or
more particularly Brachionus plicatilis as observed in Figure 7 [77–79]. These species could
tolerate wide variations in salinity [79–82].

In Nokoué Lagoon, total species richness decreased progressively with increasing
salinity. These results may seem to contradict the well-accepted Remane’s (1934) theory [83],
according to which taxonomic diversity would reach a minimum, called the Artenminimum,
for salinities of 5 to 8 [83–85]. However, this concept of Artenminimum was mainly based
on observations of the diversity of benthic invertebrates in the Baltic Sea, and not of the
diversity of pelagic organisms such as zooplankton. Although Remane’s species-minimum
model has been widely used to explain biodiversity changes along haline gradients, it
has also been shown to be inadequate to explain phyto- and zooplanktonic diversities
in estuarine habitats (e.g., [86–89]). Indeed, in these regions, and as observed in the
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Nokoué Lagoon, planktonic organisms often did not show minimal diversity at salinities
intermediate between marine and freshwater (e.g., [89–95]).

4.2. Zooplankton Abundance

Zooplankton abundance was, on average, ~60 ind L−1 across the Nokoué Lagoon,
but locally as high as 100–300 ind L−1 (Figures 3 and 4). These values were of the same
order of magnitude as those obtained in other regional lagoons: 100–500 ind L−1 in Fresco
Lagoon, 120–160 ind L−1 in Aby-Tendo-Ehy lagoons, and 50–250 ind L−1 in Ebrié La-
goon [65–67]. However, they were slightly lower than the average abundances of 100–400
ind L−1 obtained previously in Nokoué Lagoon [20]. This difference may be explained by
inter-annual variations as well as by the use of a net with much finer mesh by these authors
(30 μm instead of 50 μm), which was likely to collect smaller zooplankton organisms, thus
increasing zooplankton abundance.

One of our hypotheses was that the Nokoué Lagoon could show significant differences
between the Cotonou Channel located near the Atlantic Ocean and the areas near the
river mouths. The separation of the stations into three distinct groups showed indeed
that some environmental variables, and in particular salinity, had significant variations
(p < 0.05) between the three sub-regions (Figure 2 and Table 3) but that this was not the
case for zooplankton diversity and abundance (Table 3). However, significant differences
on zooplankton may appear between stations with extreme values (see MWM-test in
Table 2). In particular, local increase in zooplankton abundance was noted at some stations
located at the west and east of Nokoué Lagoon (Figure 4). First, this could be related to
the freshwater inflows from the So and Ouémé rivers, which resulted in local desalination
processes in these particular areas of the lagoon [5]. These events may be favorable to
freshwater zooplankton communities, especially rotifers as well as nauplii, which could
maintain high abundances in less saline environments (Figures 6 and 7). Second, the
relatively high zooplankton abundance in the western part of Nokoué Lagoon could
also be related to the increased presence of brush park fisheries (acadjas), used in these
areas for trapping and artisanal fishing e.g., [96,97]. Indeed, these artificial parks lead to
the local development and increase of biological productivity due to the contribution of
nutrients through the decomposition of organic matter from woody materials [1,96,98].
Moreover, acadjas parks, which are made up of more than 15 branches per square meter and
extend over several hectares [96,97], tend to modify local hydrodynamics by decreasing the
intensity of winds and currents [99]. This reduced vertical mixing and turbulence may also
enhance the development of zooplankton (e.g., [100]). Thus, higher nutrient concentration
and lower turbulence in these zones could explain the higher local zooplankton abundance.
Accordingly, it has already been shown that phytoplankton and zooplankton abundances
could be four times higher, but that their diversity was lower, in the acadjas than in the
surrounding areas [99,101]. However, our current dataset did not allow us to highlight a
possible link between the proximity of the acadjas to our stations (all carried out outside
of these brush parks) and the structure of the zooplankton community. For instance, we
did not observe any increased presence of species with benthic tendencies (e.g., Lecanidae,
Lepadellidae, Mytilinidae, Notommatidae, Chydoridae, Macrothricidae) or bacterivores
(e.g., Brachionidae) at these particular stations. More specific studies on the impact of
acadjas on the structure of planktonic communities will therefore be necessary to reach any
definitive conclusions.

The RDA and GAMs analyses revealed a strong relationship between salinity and zoo-
plankton abundance. Indeed, salinity was the primary driver of zooplankton abundance,
explaining 37% of the overall variance in zooplankton taxa abundance, and 23% of the
variance in the most frequent taxa. Our results also showed that zooplankton abundance
was higher during the dry season, associated with high salinities (low-water period), than
in the wet season characterized by low salinity (flood period). These results are similar
to those noted in Ivorian lagoons of Aby-Tendo-Ehy, Fresco and Ebrié [65–67]. The high
zooplanktonic abundance during the low-water period was related to the dominance of
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copepods and in particular their larvae (nauplii) which represented ~60% of the relative
zooplanktonic abundance. During this period, the dominance of brackish water condi-
tioned the proliferation of these halotolerant taxa of copepods from the coastal ocean. The
rotifers were then in the minority.

Copepods in the Nokoué Lagoon included both freshwater and marine species, which
may have contrasting responses to environmental parameters. However, due to limi-
tations in our dataset, we were unable to differentiate between unidentified Calanoida
and Cyclopoida species in terms of their affinity for freshwater or marine environments.
Nevertheless, many of these unidentified copepod species were observed throughout the
year and were able to tolerate highly contrasting salinity gradients. Based on our analysis,
Cyclopoid sp. 1 and Calanoid sp. 1 were likely to correspond to marine species due to their
higher abundance in higher salinity conditions (Figure 7). Identified copepod species were
divided into freshwater and marine groups based on their known affinity for salinity. How-
ever, the low frequencies of occurrence and relative abundances of these identified species
(Table 1) limited the ability to draw robust conclusions about the relationship between
salinity and copepod diversity. Further research, with a longer monitoring period and a
more comprehensive zooplankton dataset, is needed to fully understand the contrasting
relationships that freshwater and marine copepod species may have with environmental
parameters in the Nokoué Lagoon. It would also be interesting to investigate the percentage
of freshwater and marine species present in the copepod community and how this changes
in response to environmental conditions, which could provide valuable insights into the
ecological dynamics of copepods in the lagoon.

Finally, on an interannual scale, between June and September 2015, 90% of the zoo-
planktonic abundance was copepods and 10% was rotifers [20]. Between July and Septem-
ber 2020, our study showed a reduced proportion of copepods (~70%) and an increase
proportion of rotifers (30%). This interannual variability could be explained by the differ-
ence in salinity between the two periods. In June-September 2015, the average salinity was
of 6.2 [20], while it was only ~3 in July-September 2020 (Figure 2). Based on the highlighted
relationships between salinity and zooplankton species distribution (Figures 6 and 7), it
was therefore consistent to observe a lower abundance of copepods between July and
September 2020. Although interannual variations in salinity probably explain the changes
in copepod and rotifer distributions between 2015 and 2020, a temporal shift in zooplank-
tonic successions during these 2 years cannot be ruled out either, which cannot be assessed
with our bimonthly sampling approach.

5. Conclusions

Based on the analysis of biological data from six bimonthly campaigns, we identified
109 distinct zooplankton taxa in Nokoué Lagoon. Average zooplanktonic abundance
was ~60 ind L−1 but increased locally to 100–300 ind L−1. This abundance was largely
dominated by copepods and rotifers, which represented, on average, 68.1% and 29.1% of
organisms, respectively.

Environmental parameters showed significant seasonal variations, especially in terms
of the salinity. Indeed, Nokoué Lagoon was filled with fresh water during the flood
period in November 2019 and progressively salinized to reach average salinity values of
~22–25 during the low water period in March-May 2020. We showed, through redundancy
analyses, that salinity was the key parameter that structured the zooplanktonic ecosystem,
both for taxon diversity and abundance. Therefore, on a seasonal scale, a strong shift was
observed in the zooplanktonic community. Indeed, during the flood period, abundance
was quite high and zooplanktonic diversity was maximal. During this short period, rotifers
were dominant and about 30 zooplanktonic species could be observed in each sampling
station. In contrast, during the low water period, the diversity became minimal (less
than 10 species in each station), and the abundance slightly decreased. However, some
zooplankton hotspots were observed in the west and east of the lagoon, likely independent
of salinity. These localized areas of high abundance may have been under the influence
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of other processes, such as the Sô and Ouémé river inputs and/or the presence of acadjas
brush parks whose effects on zooplankton could not be determined with our dataset.
More specific studies as well as the continuation of regular and long-term sampling will
help us to understand further such aspects of zooplanktonic structuring and its fine-scale
spatio-temporal variations.

The results obtained in this study provided valuable information on the seasonal
variations of zooplankton in Nokoué Lagoon, which is one of the most biologically pro-
ductive in West Africa. Future studies should focus on the simultaneous analysis of the
different compartments of the trophic chain (phytoplankton, zooplankton, fish) and their
responses to environmental variables. Such an approach will complete our study and lead
to a comprehensive view of the functioning of this rich ecosystem that provides 70% of the
Beninese fishery resource.
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Abstract: Iron is an essential element for the functioning of cellular processes. Ferritins, the major
intracellular iron storage proteins, convert the free Fe2+ into the nontoxic Fe3+ which can be stored and
transported where needed. To date, little is known about the iron metabolism in copepods; however,
in these crustaceans, ferritins have been used as biomarkers of stress and diapause. A limiting factor
of these studies has been the use of a single ferritin transcript as a biomarker. In this paper, we in silico
mined the publicly available copepod transcriptomes to characterize the multiplicity of the ferritin
transcripts in different orders and families. We also examined the expression of ferritin in three
ecologically important copepods—Calanus finmarchicus, C. helgolandicus and Temora stylifera—during
development and under stress conditions. A full-length transcript encoding ferritin heavy chain has
been identified in all 27 mined transcriptomes, with 50% of the species possessing multiple transcripts.
Ferritin expression increased in C. finmarchicus during the early–late development transition, and
in T. stylifera females exposed to oxylipins at sea. Overall, our results suggest that copepod ferritins
can be involved in iron storage, larval development and stress response, thus representing potential
biomarker genes for ocean health status monitoring.

Keywords: zooplankton; transcriptome; gene discovery; iron metabolism; stress response; diapause

1. Introduction

In all animals, iron (Fe) is an essential element required for the functioning of many
cellular processes and to meet nutritional requirements. It participates in various metabolic
processes, including DNA synthesis, electron and oxygen transport and cellular oxidation
mechanisms [1]. Iron must be absorbed from the diet into gut cells and then transported
and stored for future use [2]. However, excess free Fe in living cells can be potentially
toxic. In the presence of oxygen, Fe can be rapidly reduced to the ferrous ion (Fe2+) form
and this may catalyze the generation of reactive oxygen species (ROS). High levels of
ROS cause oxidative stress, which is harmful to cellular compounds such as lipids, DNA
and proteins [3,4]. Thus, the maintenance of a balanced Fe metabolism is essential for the
organism’s homeostasis [2].

In order to avoid cell harm, organisms possess iron storage proteins (transferrins and
ferritins) that keep Fe in their cavity and transport it where needed [2,3]. Ferritins are
globular proteins composed of multiple subunits, with 24 equivalent subunits assembled
into a “cage-like” oligomer [2]. In the ferroxidase center, they convert the Fe2+ into a non-
toxic, soluble and biologically non-reactive ferric ion (Fe3+). In vertebrates, ferritins have
been classified in heavy (H) chain and light (L) chain subunits; in arthropods, ferritins are
homologs to the vertebrate proteins (heavy-chain homolog, HCH, and light-chain homolog,
LCH) [2,5]. The major difference is that H-chain ferritins possess the ferroxidase center and
are capable of ferroxidase activity, while L-chain ferritins, lacking the ferroxidase center, are
characterized by amino acid residues that induce nucleation of iron and may be responsible
for the electron transfer across the protein cage [6]. A third type of ferritin, mitochon-
drial ferritin—a homopolymer with ferroxidase activity targeted to mitochondria—has
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been identified in mammals and Drosophila melanogaster (ferritin 3, heavy-chain homolog,
Fer3HCH), (reviewed in [5]). Although intensively studied in mammals and yeast, much
less is known about the structure and function of ferritins in arthropods. Three ferritins
have been identified in the fruit fly D. melanogaster: the cytoplasmic ferritin 1 (HCH), the
ferritin 2 (LCH) and the mitochondrial ferritin [2]. Their role in dietary iron efflux or deliv-
ery was confirmed by knockdown experiments of either HCH or LCH ferritin subunits by
RNAi, which resulted in the downregulation of the protein level of both subunits and in
Fe accumulation in the midgut (reviewed in [5]). In the cladoceran Daphnia pulex, genome
annotation and phylogenetic analysis revealed that ferritins clearly expanded compared
with insects with a total of seven distinct ferritin loci [7].

Scanty information is available on the iron metabolism in zooplankton organisms,
particularly in copepods; however, in these crustaceans, ferritins have been intensively
used as biomarkers of stress. In the neritic calanoid species Acartia tonsa, an increase in
transcriptional expression of ferritin has been reported in individuals after exposure to
nano-contaminants such as Ni and CdSe/ZnS quantum dots [8], after acclimation to high
pCO2 conditions (1200 ppm) [9], and in response to infestation by the epibiotic euglenid
Colacium vesiculosum [10]. Higher expression of a ferritin transcript was also reported
in A. tonsa quiescent eggs compared with the subitaneous stage [11]. In the calanoid
Calanus finmarchicus, ferritin has been suggested as a biomarker of stress associated with
the diapause phase; a significant upregulation of ferritin was found in copepodites (CV)
and females collected from deep water compared with individuals from the surface [12,13].
However, in all these studies, only a single ferritin gene has been used as a biomarker.
In a recent study, genome analysis revealed the presence of a total of four ferritin genes
(LsFer1–4) in the salmon louse Lepeophtheirus salmonis, with three encoding heavy chains
(LsFer1,3,4) and one (LsFer2) encoding a light chain [14]. Based on these results, we might
suggest that in copepods, the use of a single biomarker for ferritin might be limiting.

In consideration of the critical role of ferritin in Fe homeostasis, the aim of this study
is to expand the understanding of the ferritin diversity and function in copepods. Mining
the publicly available high-quality transcriptomes for several calanoid families [15–17],
we examined the presence of transcripts encoding ferritins and compared them to homol-
ogous ferritins in D. melanogaster and in salmon louse L. salmonis. To provide a better
understanding of the functioning of these genes, the expression of ferritins was examined
using existing RNASeq data in C. finmarchicus, Calanus helgolandicus and Temora stylifera.
Expression was examined across development (C. finmarchicus) [18] and after exposure to
toxic algae (C. finmarchicus, C. helgolandicus, T. stylifera) [19–22]. This study expands the
knowledge of the diversity of the ferritin family in copepods and suggests species-specific
and stage-specific functional roles in these organisms. Our results shed light on the need to
characterize the gene family of interest in particular when the genes are widely used as
biomarkers in eco-physiological studies.

2. Materials and Methods

2.1. In Silico Workflow

Searches for putative transcripts encoding ferritins (HCH and LCH) were performed
using a well-established vetting workflow that includes a mining step, a reciprocal blast
and an examination of the protein structural domain [23,24]. Query sequences from the
fruit fly Drosophila melanogaster (NP_524873, AAF07876, NP_572854) were used to mine the
transcriptome shotgun assembly (TSA) database on the National Center for Biotechnology
Information (NCBI), limiting the searches (tblastn algorithm) to Copepoda (taxid:6830) (search
February 2023). For Rhincalanus gigas, raw reads were downloaded from NCBI [25] and
assembled as described in [26]. Additional mining was performed using queries from the
copepod Lepeophtheirus salmonis (order Siphonostomatoida) (BT121711, BT121232, MK887318,
BT077723, BT121164) [14]. The results of both searches were compared and integrated.

All resulting transcripts were fully translated using ExPASY [27] and blasted against
the NCBI non-redundant (nr) protein database (blastp algorithm) limited to Arthropoda
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(taxid:6656). The presence of the expected protein structural domain for ferritin (Pfam:PF00210)
was examined using SMART software [28]. In the species with multiple transcripts, amino
acid sequences were aligned and amino acid identity was calculated between pairs. Se-
quences with ≥95% amino acid identity were considered the same protein, and among
those the longest sequence was kept. A final alignment was performed for the copepod
transcripts identified in this study encoding full-length proteins and having the expected
ferritin domain, with HCHs and LCHs from D. melanogaster, L. salmonis and Homo sapiens,
in order to verify the presence of amino acids characterizing the ferroxidase center [14].
Amino acid sequence alignment was performed using MAFFT software [29].

2.2. Cladogram of Copepod Ferritin Genes

A phylogenetic analysis was performed to confirm the annotation of transcripts identi-
fied in this study and to establish their relationship to each other, to other copepod species
and arthropods. An unrooted phylogenetic tree was generated with amino acid sequences
from this study, and sequences previously identified from the copepods Acartia pacifica and
Calanus sinicus (order: Calanoida) [8], Caligus rogercresseyi, C. clemensi, L. salmonis (order:
Siphonostomatoida) [14] and Tigriopus californicus (order: Harpacticoida) [30]. We also
considered sequences from the insects D. melanogaster and Anopheles aegypti, homologs from
Homo sapiens [14] and the water flea Daphnia pulex [7]. Among the seven ferritin sequences
identified in D. pulex, two partial sequences (DQ983427, DQ983426) were excluded from
the analysis. All sequences were first aligned using ClustalW software (Galaxy version 2.1),
and then a maximum-likelihood phylogenetic tree was built using the evolution model
Kimura computing bootstrap for 1000 samples (RapidNJ, Galaxy version 2.3.2).

2.3. Expression of Ferritin in Calanus finmarchicus, Calanus helgolandicus and Temora stylifera

Relative expression of transcripts encoding for ferritins was examined in the copepods
Calanus finmarchicus, Calanus helgolandicus and Temora stylifera (order: Calanoida), using
existing RNASeq data. In C. finmarchicus, the expression of ferritins was examined across
development [18] and in females exposed to a toxic dinoflagellate [19]. For the develop-
mental dataset, adult C. finmarchicus and stage CV copepodites were collected from the
Gulf of Maine in 2012. Wild-caught females were laboratory maintained to obtain the target
developmental stages: embryos, early nauplii, early copepodites (CI) and late copepodites
(CIV). From each stage, total RNA was extracted from three biological replicates (two for
CI and CIV), and cDNA libraries were multiplexed and sequenced on an Illumina HiSeq
2000 platform (PE 100 bp) [18]. The second dataset includes C. finmarchicus females exposed
to the saxitoxin-producing dinoflagellate Alexandrium fundyense [19]. Briefly, adult females
collected from the Gulf of Maine (Mount Desert Rock, 2012) were laboratory incubated
over a week with a low dose (LD: 50 cell mL−1) and high dose (HD: 200 cell mL−1) of
the toxic dinoflagellate and with the non-toxic cryptophyte Rhodomonas baltica (8000 cells
mL−1) as the control diet. Copepods were kept under 10 ◦C, on a 14:10 light:dark cycle
and at two and five days, three biological replicates (15 females each) were harvested and
processed for RNASeq. The two time points were chosen to test the hypothesis that the
toxic algae would induce a detoxification response after two days that would persist over
time (five days). Total RNA was extracted from each sample, followed by the generation of
multiplexed cDNA libraries that were sequenced on an Illumina HiSeq 2000 platform (PE
100 bp) [19].

In C. helgolandicus, ferritin expression was derived from RNASeq data of laboratory-
incubated females feeding on the oxylipin-producing toxic diatom Skeletonema marinoi
(SKE) and the dinoflagellate control diet Prorocentrum minimum (PRO) for five days [20].
Briefly, females were collected in the Gulf of Naples (Central Tyrrhenian Sea, Western
Mediterranean Sea, 2012) and laboratory incubated for five days with either S. marinoi
(45,000 cells mL−1) or P. minimum (5000 cells mL−1) (three replicates per diet, 10 females
each). Copepods were kept under 18 ◦C, on a 12:12 light:dark cycle, fed daily either
with SKE or PRO and harvested after five days for RNASeq. Total RNA was extracted
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from each sample followed by the generation of multiplexed cDNA libraries that were
sequenced on an Illumina platform HiSeq (PE 50 bp) [20]. Lastly, the T. stylifera dataset
included females collected in the Gulf of Naples during two consecutive weeks in May
2017 (test: 23rd and control: 30th) when low–high reproductive fitness was associated
to high–low oxylipin content in the natural phytoplankton assemblage, respectively [21].
Phytoplankton-derived oxylipins were measured from surface water samples collected
on the two dates, as described in [22]. Wild-caught T. stylifera females were immediately
flash-frozen in liquid nitrogen and stored for RNA extraction. Three replicates (10 females
each) were harvested on both weeks, extracted for total RNA, processed for cDNA library
preparation and sequenced on a HiSeq 2500 platform (PE 100 bp) [21]. For each copepod
species, expression levels were quantified by mapping the RNASeq libraries against their
species-specific reference transcriptome using Bowtie and reads were normalized by length
using the RPKM methods reads per kilobase per million mapped reads (RPKM). RPKM
in each species were compared among transcripts and among stages or treatments using
two-way ANOVA (p < 0.0001) followed by Tukey’s post hoc test and multiple unpaired
t-tests (p < 0.05). Statistical analyses were performed using GraphPad Prism, version 9
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Identification of Ferritins in Copepods

Ferritin-encoding transcripts were identified in 27 copepod species, including 22
from the order Calanoida, three from the order Harpacticoida and two from the order
Cyclopoida (Table 1). Within the Calanoida order, transcripts were identified among differ-
ent families, the majority within the Calanidae (e.g., Calanus finmarchicus, C. helgolandicus,
C. propinquus, Calanoides acutus, Neocalanus flemingeri, N. cristatus and N. plumchrus), fol-
lowed by the Temoridae (Temora stylifera, T. longicornis, Epischura baikalensis), the Acarti-
idae (Acartia clausi, A. tonsa), the Pontellidae (Labidocera madurae), the Pseudodiaptomi-
dae (Pseudodiaptomus annandalei), the Centropagidae (Centropages hamatus) and the Rhin-
calanidae (Rhincalanus gigas) (Table 1). For all transcripts, reciprocal blast confirmed their
annotation as a heavy chain (HCH) or light chain (LHC), with the majority being highly sim-
ilar (top hit reciprocal blast) to homologs from L. salmonis (LS Fe1; BT121711), Calanus sinicus
(APC62655) and Eurytemora affinis (XM_023489461). For the majority of the transcriptomes
mined in this study, the resulting transcripts encoded full-length proteins with the typi-
cal conserved ferritin domain (Pfam00210; p-values < 0.05) (Table S1). Few partial tran-
scripts, with no significant domain, were identified in N. flemingeri (2), C. helgolandicus (1),
C. hamatus (1) and C. acutus (1), and these were not included in the downstream analyses.

Table 1. Summary of ferritins in copepods. For each copepod, genus, species, order, family and
number of transcripts encoding ferritin were listed. The table includes only ferritins that were
identified as full length that passed the reciprocal blast and protein domain analysis (Table S1).

Species Order Family Ferritin Transcripts

Acartia clausi Calanoida Acartiidae 1

Acartia tonsa Calanoida Acartiidae 2

Calanoides acutus Calanoida Calanidae 1

Calanus finmarchicus Calanoida Calanidae 4

Calanus glacialis Calanoida Calanidae 1

Calanus helgolandicus Calanoida Calanidae 4

Calanus hyperboreus Calanoida Calanidae 2

Calanus marshallae Calanoida Calanidae 3

Calanus pacificus Calanoida Calanidae 4

Calanus propinquus Calanoida Calanidae 2
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Table 1. Cont.

Species Order Family Ferritin Transcripts

Centropages hamatus Calanoida Centropagidae 3

Epischura baikalensis Calanoida Temoridae 1

Eucyclops serrulatus Cyclopoida Cyclopidae 3

Hemidiaptomus amblyodon Calanoida Diaptomidae 1

Labidocera madurae Calanoida Pontellidae 1

Neocalanus cristatus Calanoida Calanidae 1

Neocalanus flemingeri Calanoida Calanidae 6

Neocalanus plumchrus Calanoida Calanidae 1

Paracyclopina nana Cyclopoida Cyclopettidae 1

Platychelipus ittoralis Harpacticoida Laophontidae 4

Pleuromamma xiphias Calanoida Metridinidae 1

Pseudodiaptomus annandalei Calanoida Pseudodiaptomidae 2

Rhincalanus gigas Calanoida Rhincalanidae 3

Temora longicornis Calanoida Temoridae 6

Temora stylifera Calanoida Temoridae 4

Tisbe furcata Harpacticoida Tisbidae 1

Tisbe holothuriae Harpacticoida Tisbidae 1

The number of transcripts encoding ferritins changed across copepods, ranging from
one to a maximum of six. A single ferritin transcript was identified in 12 copepod species,
whereas the highest diversification was found in N. flemigeri and T. longicornis, both having
six different transcripts (Table 1). C. finmarchicus, Calanus pacificus, C. helgolandicus and
T. stylifera showed four different ferritins. Lastly, three transcripts were identified in Calanus
marshallae, C. hamatus and R. gigas.

Alignment of the copepod sequences identified in this study with ferritins from
D. melanogaster, H. sapiens and L. salmonis showed that 57 out of 64 transcripts identified in
this study conserved all the amino acids of the ferroxidase site in HCH from the reference
sequences (Figure S1). The exception to this is the single ferritin from C. finmarchicus
(GAXK01169093), C. helgolandicus (GJFL01003552) and N. flemingeri (GFUD01021847),
and two ferritins from T. longicornis (GINW01248260, GINW01100697) and C. pacificus
(GJQY01004559, GJQY01232255). While in the N. flemingeri and C. pacificus ferritins only a
few substitutions were observed, in the other sequences five (out of seven) of the amino
acids making the ferroxidase center were not highly conserved; both C. finmarchicus and
C. helgolandicus showed in all the sites the same substitutions (Figure S1). The amino
acid variability found in the ferroxidase center for C. finmarchicus, C. helgolandicus and
T. longicornicus sequences might suggest that these ferritins belong to the LCH category,
although further analyses are needed.

The unrooted tree generated from a total of 100 transcripts showed that ferritins
clustered into several phylogenetic groups (Figure 1). LCH clustered in a separate group
(Figure 1 light blue, bootstrap 98) including LCHs from D. melanogaster, Aedes aegypti, the
copepods C. clemensi and L. salmonis (previously known), two T. longicornis transcripts,
one from C. finmarchicus and one from C. helgolandicus (this study). The sequences in
this group were the ones showing changes in the ferroxidase center in Figure S1. HCH
ferritins are separated into several groups. The largest group (Figure 1 yellow, bootstrap
85) included known HCHs from the insects D. melanogaster and A. aegypti, the cladoceran
D. pulex, the copepods L. salmonis, C. clemensi, C. rogergressery, E. affinis, T. californicus
and 17 sequences identified in this study; these included ferritins from several species
such as C. marshallae, N. flemingeri, L. madurae, A. clausi and A. tonsa, P. annanadalei, P. nana,
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T. longicornis and T. stylifera (two out of four). The second largest group (Figure 1 green,
bootstrap 81) included only ferritins identified in this study (23) from C. finmarchicus (two
out of four), C. helgolandicus (one), C. marshallae, (two out of three), N. flemingeri (three out
of six), T. furcata and Tisbe holoturiae, P. annandalei and Pleuromamma xiphias. The remaining
HCHs clustered in smaller groups. Among those, there was a small group including all
D. pulex sequences (four out of five) and a single ferritin from C. propinquus (Figure 1,
orange, bootstrap 58), and another group including six T. longicornis ferritins and two H.
sapiens homologs (Figure 1, purple, bootstrap 51). None of the ferritin identified in this
study clustered with the D. melanogaster mitochondrial ferritin which was separated from
all other sequences.

Figure 1. Cladogram of ferritin-related genes identified in this study. The analysis includes sequences
from this study (Table 1) from the insect D. melanogaster, the crustacean D. pulex and other copepods
previously identified (see text). For the analysis, amino acid sequences were aligned using ClustalW
and then a maximum-likelihood phylogenetic tree was built using the evolution model Kimura
computing bootstrap for 1000 samples (RapidNJ, Galaxy version 2.3.2). Colors refer to the groups
described in the text. Bootstrap is only indicated for the groups described. Scale bars: 0.3 estimated
substitutions per site. LCH: light chain subunit.

3.2. Expression of ferritin in C. finmarchicus, Calanus helgolandicus and Temora stylifera

The expression of ferritin-encoding transcripts significantly changed in C. finmarchicus
across the different developmental stages; a significant difference was also found among
the different transcripts in each stage (two-way ANOVA, p < 0.001) (ta 2). Two ferritins,
the HCH (GAXK01142559) and the LCH (GAXK01169093), showed a similar and low
expression in all developmental stages, whereas HCH ferritin (GAXK01168686) was always
highly expressed in copepodites (C1-C5) compared to embryos, copepodites and adults
(568 RPKM vs. 82 RPKM, on average; Tukey’s multiple comparison test, p < 0.0001); simi-
larly, the other HCH transcript (GAXK01170132) showed significantly higher expression in
the later developmental stages (500 RPKM, on average, in C4 and AF), with a significant
peak in expression in the C5 stage (Tukey’s multiple comparison test, p < 0.0001) (Figure 2).
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Figure 2. Relative expression of ferritin transcripts in C. finmarchicus across development. Relative
expression normalized by length (RPKM) across six developmental stages: embryos, early nauplii
(NII-NIII), copepodites I, IV and V (C1, C4 and C5), and adult females (AF). Bars are mean ± standard
deviation (n = 3 replicates, n = 2 C1 and C4). Colors indicate different transcripts and their NCBI
accession number.

No significant differences were found in the expression of all ferritins in C. finmarchicus
females feeding for two days on the toxic Alexandrium fundyense at different concentrations
(low and high dose) compared to control conditions (Figure 3a,b). However, in spite of
treatments and time points, the expression of the different transcripts was significantly
different (two-way ANOVA, p < 0.0001). At two days, similarly to the previous dataset, two
transcripts showed a null or very low expression in all treatments, whereas the transcripts
GAXK01168686 and GAXK01170132 were significantly more abundant (average 300 RPKM)
compared to the other two (Tukey’s multiple comparison test, p < 0.001) (Figure 3a). The
same results were observed after five days of exposure, with the same two transcripts
(GAXK01168686 and GAXK01170132) being significantly highly expressed in all conditions
compared with the other two (Tukey’s multiple comparison test, p < 0.001) (Figure 3b).

A similar result was also found in C. helgolandicus, where expression of the four ferritins
did not change significantly between females feeding the toxic Skeletonema marinoi diet and
the control treatment Prorocentrum minimum. However, similar to what was observed in
C. finmarchicus, in spite of the treatments, one HCH ferritin (GJFL01006140) and the LCH
ferritin (GJFL01003552) showed a significantly high expression (up to 20-fold and 60-fold
difference) compared with the other two transcripts (Figure 4a). In T. stylifera females
collected from the field during different weeks, the same transcript-dependent expression
was observed: one transcript (GJGX01146428) showed ca. 100-fold higher expression
compared to the other three; the same transcript was also significantly upregulated in
females exposed to a high content of harmful oxylipins (test) (multiple unpaired t-test,
p < 0.05) (Figure 4b).
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Figure 3. Relative expression of ferritin transcripts in C. finmarchicus feeding on a toxic diet. Relative
expression normalized by length (RPKM) in C. finmarchicus females fed the non-toxic cryptophyte
Rhodomonas baltica (control) and the toxic dinoflagellate Alexandrium fundyense at low (orange) and
high (cyan) doses, for 2 (a) and 5 (b) days. Different names indicate different transcripts. Bars are
mean ± standard deviation (n = 3 replicates).
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Figure 4. Relative expression of ferritin transcripts in C. helgolandicus and T. stylifera. (a) Rela-
tive expression normalized by length (RPKM) in C. helgolandicus females fed the dinoflagellate
Prorocentrum minimum (PRO) and the toxic diatom Skeletonema marinoi (SKE) for 5 days. (b) Relative
expression normalized by length (RPKM) in T. stylifera collected in the Gulf of Naples when low
(control) and high (test) content of harmful oxylipins were measured in the phytoplankton. Different
names indicate different transcripts. Bars are mean ± standard deviation (n = 3 replicates).
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4. Discussion

The evolution of life on Earth has been dependent on the availability of iron, leading
to the evolution of ferritins, multimeric iron storage proteins that are ubiquitous in the
living kingdom [1]. Most cells express ferritin genes, but protein concentration can vary
among cell types. Ferritin sequence and structures are highly conserved among plants
and animals, suggesting evolutionary convergence in eukaryotes, while bacterial ferritins
diverge in sequence but not in structure (as reviewed in [31]).

Ferritins are also present in copepods, the most abundant metazoans on the planet [32].
Gene expression changes in ferritin have been reported in studies in the literature (Table 2)
when copepods are exposed to abiotic stress, such as metals [8,33], heat shocks [10], high
pCO2 levels [9] or water-accommodated fractions [34]. Changes in gene expression have
also been recorded in response to biological drivers, namely, infestation by an epibiotic
parasite [10], during different phases of dormancy, such as induction and recovery from
quiescence [11], or during the diapause “stationary” phase [12,13]. In addition, it has been
reported an impairment of feeding and reproduction upon the knockdown of ferritin, as
well as a reduction in the protein level during starvation [14]. Interestingly, no changes
in ferritin expression were associated with different crowding levels [35]. Overall, the
reported differences in the regulation of ferritins opened questions related to stressor-
specific responses associated with different transcripts or species-specific responses.

Table 2. Summary of ferritin gene expression changes in copepods reported in the literature and
our study. For each study, the species tested, the stressor and the regulation (+ = upregulation,
− = downregulation and ns = non-significant change) of the ferritin gene are shown.

Species Stressor Regulation Reference Paper

P. annandalei Ni nanoparticles + 33

A. tonsa Ni nanoparticles + 8

CdSe/ZnS quantum dots + 8

Heat shock (salinity
dependent) + 10

Infestation C. vesiculosum + 10

Entry/emergence
quiescence eggs + 11

Crowding ns 11

High pCO2 (only costal) + 9

WAF ns 34

Calanus spp. Diapause (CV females) +
12
13
42

L. salmonis Starvation − 14

C. finmarchicus Diapause preparation (CV)
vs. reproductive program ns 45

Our study

C. finmarchicus Copepodites +

A. fundyense ns

C. helgolandicus Oxylipin (lab) ns

T. stylifera Oxylipin (field) +

N. flemingeri Diapause emergence ns
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Indeed, the role of ferritin in the metabolism and physiology of copepods is presently
understudied. Based on the relatively sparse available evidence (as summarized in Table 2),
we speculate about different mechanisms potentially at play, which may differ not only
among stressors but also among species. In this context, we interpret our results also by
direct comparison with insect ferritins, considering their closeness in terms of absolute
success [36].

Insect ferritins can be divided into three groups depending on their structure, location
and function [37]. HCH and LCH differentiate based on the presence in HCH of the
ferroxidase center, which confers the role of reducing the ferrous ion (Fe2+) to its non-
reactive ferric ion (Fe3+). Insects also present a third type of protein, mitochondrial ferritin
(HCH). Endoplasmic reticulum ferritins (HCH) act as iron transporters, mitochondrial
ferritins act as antioxidants, while hemolymph ones (LCH) have a dual function [37]. In
copepods, a full-length transcript encoding ferritin HCH has been identified in all 27 mined
transcriptomes, with 50% of the species possessing multiple transcripts. Consistently with
what was reported in the genome of Lepeophtheirus salmonis [14], mitochondrial ferritins
were not found in any of the mined copepod transcriptomes. As opposed to insects [37],
the location of ferritins has not been explored yet in copepods. From our results, mining
transcripomes generated from whole or even pool of individuals, it is not possible to infer
the specific location of the identified ferritins. Nonetheless, by analogy with insects, we can
speculate that copepod ferritins are associated with the endoplasmic reticulum (HCH) and
the hemolymph (LCH).

Arthropod immunity is based solely on an innate system [38]. In this framework,
ferritin plays a key role, acting as a stress-induced protein and permitting the accumu-
lation of iron which is no longer available to pathogens [38]. This process is compli-
ant with the upregulation of ferritin in Acartia tonsa infested by the epibiotic euglenid
Colacium vesiculosum [10]. Blood-sucking arthropods need further protection to reduce the
risks associated with the massive ingestion of iron and heme [39]. In the yellow fever
mosquito Aedes aegypti, ferritin expression is upregulated upon iron uptake, likely as cy-
totoxic protection [39,40]. Consistently, in the parasitic copepod L. salmonis ferritin levels
in the midgut decrease during starvation [14], evidencing the direct link between gene
expression and blood-feeding.

Involvement of ferritin has also been suggested during dormancy in the fly D. melanogaster,
in the crustacean branchiopod Artemia sp., and in the copepods C. finmarchicus and A. tonsa.
High expression of ferritins in Artemia sp. and A. tonsa embryos was hypothesized as
preventing embryogenesis to continue and inhibiting development during the resting
state [11,41]. Indeed, an increase in ferritin corresponds to higher chelation of iron stores
and a reduction of iron available for processes such as embryogenesis [42]. Consistent
with its role as an enhancer of stress resistance, high expression of ferritin has been found
in both D. melanogaster and C. finmarchicus (C5, females) when at diapause [12,13,42,43].
Diapause, a type of dormancy, is characterized by a delay in development, a decrease in
metabolism and an increase in stress resistance [44]. In Calanus spp., it has been reported
that ferritin expression has its highest value during the early stages of diapause and it
decreases at the beginning of the maintenance phase [12,13,42]. However, in another study,
ferritin was not found among the genes differentiating C5s preparing for diapause from the
ones on the reproductive program [45]. Furthermore, it seems that the ferritin role could be
species-specific, as suggested by the fact that in Neocalanus flemingeri diapausing females
ferritins were not among the genes characterizing the diapause phenotype [46].

In six out of the eleven papers published in the literature on copepod ferritins, the
target species is the calanoid A. tonsa [8–11,34,35]. A renowned global-scale invasive
species (e.g., [47,48]), A. tonsa is an established model organism in ecotoxicology studies
(e.g., [49]) and it has proven valuable as feed for fish larvae in mariculture (e.g., [50]). The
remaining papers surveyed are centered on two pelagic (Calanus spp.: [12,13,42]) and one
parasitic (L. salmonis: [14]) species, relevant for their ecological (Calanus spp.) and economic
(L. salmonis) impacts. Ferritin expression studies in these species allow the development of
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sensitive biomarkers for marine pollution monitoring, but also for the implementation of
ecological indicators. The present study surveys the ferritin distribution in 27 copepods
from the Calanoida, Harpacticoida and Cyclopoida orders, and it explores the variability
of ferritin expression in three key ecological species: C. finmarchicus, C. helgolandicus and
T. stylifera. Our study highlights the fact that the use of a single transcript as a biomarker
can be highly limiting. In more than 50% of the examined copepods, in fact, we found more
than one transcript encoding ferritin and these included C. finmarchicus, C. helgolandicus
and T. stylifera. Moreover, our expression studies highlighted the fact that in spite of the
stressor or developmental stage, two transcripts (out of four) were always more abundant
compared with the others in all three species. Most protein-coding genes have dominant
transcripts that are expressed at a considerably higher level than any minor transcripts
across different conditions [51,52]. It is likely that these dominant transcripts are the main
contributors to the proteome of the individual; thus, they might be used as good candidates
for physiological and ecological studies on copepods.

Based on our results, we suggest that the role of ferritin in stress is still unclear.
Changes in the expression of ferritins were only found in T. stylifera in response to different
levels of the cytotoxic oxylipins in the natural phytoplankton assemblage; in contrast
to the two Calanus species exposed to toxic algae, expression of ferritin did not change
compared with a control diet. However, in C. helgolandicus, exposure to the harmful
S. marinoi was associated with the upregulation of detoxification (GSTs), protein repair
(HSP60 and HSP70), and immune system (prophenoloxidase activating enzyme, PPAE)
genes [20]. Thus, we can speculate that the lack of a significant regulation of the ferritins
could be associated with the fact that the concerted over-expression of detoxification genes
could be sufficient to protect the copepod from the direct toxic effect of the diatom. In
contrast, in T. stylifera, a high concentration of oxylipins induced the downregulation of
stress response and oxidation–reduction genes [21]. Therefore, the upregulation of ferritin
transcripts in T. stylifera could act as a compensatory defensive mechanism protecting
the copepods from the oxidative damage and apoptosis associated with the ingestion of
oxylipins [48]. Concerning C. finmarchicus, the differences in the expression found across
development and not in response to the toxic algae could suggest a role of ferritin as a
developmental marker. Two dominant ferritins were always poorly expressed in embryos
and nauplii, compared to copepodites, confirming that iron mobilization due to low ferritin
expression might stimulate embryogenesis and early larval development in copepods [43].
These ferritin-encoding dominant transcripts, thus, could be used as potential biomarkers
of early–late development transition in C. finmarchicus.

5. Conclusions

Ferritins are the major intracellular iron storage proteins, highly conserved and present
in most prokaryotes and eukaryotes including fungi, algae, plants, and animals [1]. Their
expression in copepods is regulated by numerous endogenous and exogenous factors and
may also present species-specific modulations. Our study expands the knowledge on the
ferritin diversity in copepods; in all species, we found a high chain ferritin (HCH) and
we confirm the lack of mitochondrial ferritin in crustaceans. We suggest that copepod
ferritins can be involved in multiple processes such as iron storage, larval development
and stress, highlighting that ferritin regulation can be species-specific, stressor-specific and
stage-specific.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11061187/s1. Table S1: Summary of reciprocal blast and protein
domain analysis for the investigated ferritins. For each species, NCBI accession number (BioProject
and the single transcript), E-value of the reciprocal blast, annotation result, top hit (species) and its
accession number. Additionally, information includes the presence of the Pfam domain (PF00210) and
its E value. The list only includes full-length sequences. Figure S1: Alignment of ferritin sequences
identified for copepods in this study with known sequences from D. melanogaster (NP_524873,
NP_524802, NP_572854), L. salmonis (LsFer1–4) (BT121711, BT121232, MK887318, BT077723, BT121164)
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and homologs from H. Sapiens (P02794, P02792). Copepod sequences are in alphabetical order as in
Table 1. Light chain subunits (LCH) are indicated in green. Amino acids that make up the ferroxidase
center of the heavy chain in H. Sapiens are bolded in red. Highlighted in yellow are the amino acids
which were not conserved.
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Abstract: Among non-native copepods, the calanoid Pseudodiaptomus marinus Sato, 1913 is the species
probably spreading at the fastest pace in European and neighbouring waters since its first record in
the Adriatic Sea in 2007. In this contribution, we provide an update on the distribution of P. marinus
in the Mediterranean and Black Seas, along the Atlantic coasts of Europe, in the English Channel
and in the southern North Sea. Starting from a previous distribution overview, we include here
original and recently (2019–2023) published data to show the novel introduction of this species in
different geographical areas, and its secondary spreading in already colonised regions. The picture
drawn in this work confirms the strong ability of P. marinus to settle in environments characterised by
extremely diverse abiotic conditions, and to take advantage of different vectors of introduction. The
data presented allow speculations on realistic future introductions of P. marinus and on the potential
extension of its distribution range.

Keywords: Pseudodiaptomus marinus; copepod; non-indigenous species; European waters
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1. Introduction

One of the effects of globalisation and anthropic pressure on aquatic natural systems is
the huge amount of species (~10,000) transported daily worldwide [1], with a concomitant
increase in the rate of introduction of non-indigenous species (NIS) (also known as alien,
allochthonous, introduced, non-native species) in new areas [2]. Zooplanktonic organisms
are among the most efficient at colonising regions outside their native range [3]. In most
cases (90%), these include holoplanktonic species, principally in freshwater (62%) rather
than haline (estuarine, brackish and marine; 38%) systems [3].

Among marine zooplankters, copepods are known to be efficient invaders both within
and between continents (as discussed in [4]). These millimetre-sized crustaceans can be
efficiently introduced through trans-oceanic ships, as they dominate the ballast waters
zooplankton community (e.g., [5–7]). Additionally, documented evidence also reports the
introduction of alien copepods through natural and/or human-made canals (e.g., [8]), as
well as through aquaculture/mariculture (e.g., [9,10]). In the pelagic marine environment,
examples of globally successful invaders include the cyclopoids Oithona davisae Ferrari &
Orsi, 1984 [8,9,11–13] and Limnoithona tetraspina Zhang & Li, 1976 [14,15] and the calanoids
Acartia (Acanthacartia) tonsa Dana, 1849 [16,17], Pseudodiaptomus forbesi Poppe & Richard,
1890 and Pseudodiaptomus inopinus Burckhardt, 1913 [14,18,19].

Over the last few years, another representative of the genus Pseudodiaptomus has made
its appearance in European and neighbouring waters (ENW), namely, Pseudodiaptomus
marinus Sato, 1913. Following its first record in the Adriatic Sea (northernmost part of
the Mediterranean Sea) in 2007 [20], this species has rapidly spread not only across the
entire Mediterranean Sea but also in the Black Sea, along the Atlantic coasts of Europe, in
the English Channel and in the southern North Sea (as reviewed in [21,22]), with a >450%
increase over a four-year time window (2015–2019) [22]. In some European countries, such
as Croatia and Italy, P. marinus has been included in the NIS list monitored under the Marine
Strategy Framework Directive (MSFD, 2008/56/EC) (Descriptor 1: Biodiversity and De-
scriptor 2: Non-indigenous species). The supposed primary vector of introduction is ballast
waters, while secondary spread through coastal circulation and local ship traffic may favour
its further dispersal [22]. The ability of this species to establish in diverse environments
is likely supported by specific traits, including a wide salinity tolerance [23], behavioural
plasticity (including a day–night alternation of epibenthic and pelagic phases) [24] and
genetic diversity [25].

This contribution is intended as a periodic revision of P. marinus occurrence in the
study area, following previous reviews ([21,22,26]; as of fall 2019). Such rolling reviews can
provide an almost real-time view of the spread of this NIS and of its successful establish-
ment in introduced areas. This work stems from the activities of the ICES WGEUROBUS
(Towards a EURopean OBservatory of the non-indigenous calanoid copepod Pseudodiap-
tomus marinus) [22]. The emerging scenario manifests the ongoing arrival of P. marinus in
new regions and its further spreading from already colonised areas via secondary introduc-
tion. The results presented provide elements to make hypotheses on the occurrence of P.
marinus at a global scale and are contextualised in the general framework of global-scale
marine invasions.
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2. Materials and Methods

Starting from the scenario depicted in fall 2019 [22], a survey of the published literature
reporting new records of P. marinus in ENW was carried out. For details on materials and
methods employed, the interested reader is invited to refer to the cited works. In addition,
new records are presented here as original data. In this case, as the materials and methods
may differ from site to site, specific details are provided in the description of each record.

The study area has been regionalised according to the description given by the Eu-
ropean Environment Agency [27], in line with scientific usage [28,29]. For each region, a
west–east direction is followed in the listing of the records.

Figure 1 provides a map of the distribution of P. marinus in ENW including past (up to
fall 2019), new published (fall 2019 to date) and original (this work) records.

Figure 1. Cont.
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Figure 1. Pseudodiaptomus marinus distribution in European and neighbouring waters. The data
include published reports (orange symbols) and original records (green symbols). To improve the
readability of the map in more densely crowded areas, insets are provided for the following sectors:
(a) English Channel and southeastern North Sea; (b) southern North Sea; (c) Gulf of Naples; (d) west-
ern and northern Adriatic Sea; (e) eastern Adriatic Sea; (f) Gulf of Trieste. The full bibliographic
references of the literature cited are provided in Supplementary Material S1. Details on the geographic
coordinates of each site are provided in the Supplementary Material S2.
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3. Results

3.1. Pseudodiaptomus marinus Records from Published Literature

- Greater North Sea

The presence of P. marinus was recently recorded in the Eastern Scheldt estuary (the
Netherlands; southern North Sea) in September 2018, at a temperature of ~21 ◦C and a
salinity of ~31 [30]. The occurrence of copepodites suggests active reproduction in the
estuary. The arrival of this NIS may have been possible through a connection with the
adjacent Western Scheldt, where P. marinus has been occasionally found since 2011, although
other vectors of introduction could have worked as the estuary is subject to intense human
activities including shellfish culture ([25] and references therein).

- Western Mediterranean Sea

In the Gulf of Naples (Italy; central Tyrrhenian Sea), P. marinus was collected for the
first time in offshore net samples (0–50 m depth layer) in December 2013 and April 2014 [22].
At the Long-Term Ecological Research site LTER_EU_IT_061 (also labelled as LTER-MC),
this NIS was first found only in July 2014 [21], but eDNA metabarcoding (V4-18S rRNA)
samples revealed the presence of this species since July 2011 [31]. Afterwards, this NIS was
only seldom found in this area, mostly as copepodites.

The Gulf of Pozzuoli, in the northern part of the Gulf of Naples, is characterised by
depths between 60 and 110 m and includes an industrial district affecting the surrounding
environment [32]. Individuals of P. marinus were found in May and July 2019 [32]. Speci-
mens were found with vertical tows in the 0–15 m layer with abundances of 5.6 (males)
and 18.7 (copepodites) ind. m−3 and in the 0–50 m layer with a copepodite abundance
of 3.4 ind. m−3. The supposed vector of introduction was mariculture, as samples were
collected close to mussel farms.

- Adriatic Sea

P. marinus was found during autumn and winter (November to January) in the period
2015–2017 along the coasts of Emilia Romagna (Italy; northern Adriatic Sea) [33]. This
NIS was found at low abundance (maximum abundance: 17.1 ind. m−3), at temperatures
between 6.8 and 15.4 ◦C and salinities between 33.3 and 39.9, over a depth range of
8–25 m [33].

In the Croatian part of the eastern Adriatic, P. marinus was first detected in 2015 in
the Šibenik Bay located in the Krka River estuary. Specimens of P. marinus were found in
vertical net hauls collected after sunset in the central part of the bay (depth 36 m), which
is consistent with the observed vertical distribution pattern of this species in its native
environment [34]. Subsequent monitoring (2016–2022) confirmed the establishment of the
P. marinus population at anchoring sites in the Šibenik port (depth 6 m) regardless of season,
with all life stages present. In quick succession, additional occurrences of P. marinus were
recorded in other estuarine areas of the eastern Adriatic closely associated with shipping
activities: in 2018 at a fixed station in the port of Ploče (delta of the Neretva River, depth
ca. 10 m) [22] and in 2020 in the northern (cargo) port of Split located in the eastern part of
Kaštela Bay (18 m) [35]. In 2021, evidence of the dispersal of P. marinus from the original site
in the north port of Split to the wider Kaštela Bay area was found. Apparently, all cases of
P. marinus presence in the eastern Adriatic share some common features: locations in or
near harbours, nocturnal presence in the water column, evidence of established populations
and no signs of changes in the local zooplankton community. Considering the detection
sites, ballast water is likely to be the main vector of introduction, followed by secondary
dispersal to nearby areas.

Recently, genetic sequences irrevocably assigned to P. marinus were determined in
four other Croatian ports using DNA metabarcoding (V4-18S rRNA) [36]. The results of
this study confirmed previous detections in the ports of Šibenik, Ploče, and the northern
port of Split and revealed new distributions of P. marinus spanning from the northern to
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the southern Croatian Adriatic coast (ports of Pula, Zadar and Dubrovnik and the city port
of Split).

The Neretva River is the largest watercourse on the eastern coast of the Adriatic Sea,
and the Neretva Delta is one of the most important and fertile agricultural areas in Croatia.
Following the first record of P. marinus in the delta [22], a further one was tallied in August
2021 during a one-time check of the zooplankton composition in the upper reaches of the
Neretva River at the station Opuzen, with two separate vertical hauls from the bottom to the
surface using a modified Nansen net with a 125 μm mesh size [37]. Three individuals (two
males and one female) were recorded at this time. Additional detections of this copepod
were noted during the monitoring of zooplankton at the same station from May 2022 to
January 2023: two males and one copepodite on July 28th; two copepodites, one male and
one female on August 17th; one male in October; one male on November 3rd. The entire
area is subject to constant stress from humans and fluctuations in water balance, as well as
the recent introduction of several NIS [38,39].

- Aegean-Levantine Sea

P. marinus was reported in Thessaloniki Bay (Greece) in the North Aegean Sea in
August, September and October 2021 [40] during monitoring samplings at a shore-based
fixed station on the urban sea front. This shallow bay has restricted water circulation.
Salinity and nutrient inputs are variable due to the inflows of rivers around the bay and of
the Black Sea [41,42]. Additionally, this bay is undergoing anthropogenic eutrophication
pressure due to urban and industrial activities. The sampling station is next to the port of
Thessaloniki, one of the main Mediterranean ports with a high traffic load and commercial
maritime transport [43]; thus, ship ballast waters can be considered the main vector for the
introduction of P. marinus into the bay [40].

P. marinus was recorded for the first time in İzmir Bay, Aegean Sea, in November 2015,
at a station 29 m deep [44]. İzmir Bay is located on the Turkish coast in the eastern part
of the Aegean Sea. Several monitoring studies showed that this NIS easily inhabited the
İzmir Bay ecosystem and distributed throughout the bay, with preference for the more
productive inner and middle parts of İzmir Bay [44]. The trophic structure of the bay is
gradually changing from hypertrophic in the inner to oligotrophic in the outer region,
with chlorophyll-a values of 1.0–25.4 and 0.1–2.6 μg L−1 in the middle-inner and outer bay
regions, respectively [45]. The inner bay is shallow and heavily influenced by anthropogenic
pressures and river inputs. The TCDD İzmir, Alsancak international port, in the inner
bay plays an important role in the transport of several alien species, likely including
P. marinus [44].

In March 2022, P. marinus was also found in Yenifoça Bay (Turkey), adjacent to İzmir
Bay, where it was collected at only one station 46 m deep [46,47].

A recent finding of P. marinus in the southeastern Levantine Sea was reported at the
Hadera meteo-marine station (Israel) 26 m deep [48]. Monthly samplings were performed
in the framework of the Israeli National Monitoring Programme between September 2019
and December 2021 using vertical hauls of WP2 net (mesh size: 200 μm; diameter: 57 cm),
in which P. marinus was identified since February 2020. The initial identification was
made using DNA metabarcoding (COI mtRNA and 18S V9 rRNA). Following the initial
indication, P. marinus specimens were found in the corresponding preserved samples.
During the sampling period, the annual mean of the water column integrated values of
temperature, salinity and chlorophyll-a fluctuated between 16.2 and 32.4 ◦C, 38.3 and
40.4 and 0.05 and 0.92 μg L−1, respectively [48].

In the coastal waters of İskenderun Bay (Turkey; northeastern Levantine Sea), only
one female individual of P. marinus was found for the first time in March 2022, in the
framework of the Integrated Marine Pollution Monitoring Program [49,50]. The Levantine
Sea is ultra-oligotrophic, but in İskenderun Bay, productivity is two to four times higher
and chlorophyll-a is 0.11–2.86 μg L−1 [51]. P. marinus could have been transported by the
longshore current from the Israeli coast into İskenderun Bay or through ship ballast waters.
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İskenderun Bay has many national and international harbours and ports that facilitate NIS
introductions [52,53].

- Black Sea

The first occurrence of P. marinus in the Marmara Sea was recorded in August 2020 [54].
Only two males and three copepodite specimens were found near the offshore waters of
Hereke city in İzmit Bay (Turkey), over a water column depth of 106 m. İzmit Bay is an
extension of the Marmara Sea at its northeastern-most part. It has a two-layered water
system: the upper layer is less saline and originates from the Black Sea, whereas the lower
layer originates from the highly saline Mediterranean Sea. The highest chlorophyll-a values
in the Marmara Sea are generally recorded in the east, including in İzmit Bay. The average
seasonal chlorophyll-a values range from 1.5 to 9.6 mg L−1, with the highest value of
18 mg L−1 measured in the middle of the bay [55]. İzmit Bay is highly eutrophic and suffers
from intense anthropogenic, industrial and maritime transport pressures. Its ecological
status is classified as “bad” in the inner part and “poor” in its outer region [56]. This bay
has an important geographic position, and several large and small ports are located in
İzmit bay [54]. P. marinus could have been introduced to İzmit Bay by shipping or currents
originating in the Aegean Sea. The Marmara Sea ecosystem has favourable conditions
for the numerical growth of P. marinus populations. This species was found just before
the massive mucilage event in April 2021 [57]. Indeed, mucilage events lead to covering
the bottom and the destruction of benthic habitats [58]. Since P. marinus is a hyperbenthic
species [21,22], this phenomenon could affect its persistence in the Marmara Sea. Future
monitoring programs can test this hypothesis.

3.2. New Records of Pseudodiaptomus marinus in ENW

- Bay of Biscay and the Iberian Coast

During the zooplankton monitoring campaigns carried out near the Peniche peninsula
(western coast of Portugal), at a sheltered coastal area (ca. 15 m depth), a few P. marinus
specimens (two ovigerous females, one non-ovigerous female and four copepodites) were
observed in November and December 2020. Samples were collected during the day by
vertical tow from just above the seabed, approximately 10 m deep using a WP2 net (mesh
size: 200 μm; mouth diameter: 57 cm) and preserved in a 4% buffered formaldehyde
seawater solution.

This region is characterised by a strongly seasonal upwelling regime, especially during
the spring–summer months [59]. Since 1981, it was designated as a natural reserve, along
with the Berlengas archipelago, and in 1998, it was declared a Marine Protected Area and
in 2011, it was declared a Biosphere Reserve World Heritage by UNESCO. The region is
also characterised by two important geomorphological structures, Cape Carvoeiro and the
Nazare Canyon, with a significant influence on the physical environment and the ecological
features of the region. These structures interact with the circulation associated with coastal
upwelling to intensify primary production in the ecosystem. The western coast of Portugal
is an important traffic maritime route, so it can be inferred that shipping played a role in
the introduction of P. marinus into the area.

- Celtic Seas

In 2022, the UK government commissioned, for the first time, a routine monitoring
programme of zooplankton sampling at inshore sites around England, using morning–early
evening standard vertical hauls through a WP2 net (mesh size: 200 μm; mouth diameter:
57 cm). The programme started in August 2022 and covered shallow (depth range 10–30 m)
inshore sites. In the Celtic Seas region, P. marinus was found for the first time along
the western coast of England in the Bristol Channel as a rare species in September 2022.
Considering the strong anthropic pressure of the system, ballast waters can be assumed as
the primary vector of introduction.
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- Greater North Sea

In the framework of the same UK government monitoring programme discussed
above, P. marinus was recorded in numerous sites along English east and south coasts. In
August 2022, this species was reported for the first time in Southampton, Isle of Wight,
mouth of River Blackwater and South Kent. In September 2022, the NIS was recorded in East
Kent and East Anglia, while in October, it also appeared in the mouth of the Thames River
and in Southeast Yorkshire. In November 2022, P. marinus was also spotted in the mouth
of the Humber River. Samples contained males, gravid females and juvenile copepodite
stages. Most often, the NIS occurred as a rare species, but on occasions it was the dominant
or second component of the samples, scoring a maximum abundance of 730 ind. m−3.
Samples with the highest abundance were located near significant sources of freshwater
input and large ports. Ballast waters can be assumed as the primary vector of introduction,
with coastal circulation acting as a possible principal secondary spreading mechanism.

P. marinus was also found as part of a multispecies culture in an artificial lagoon used
for the production of flatfish for restocking in the western part of the Limfjord (Denmark)
on 15 September 2021. The temperature was 18 ◦C and the salinity was 29 at the time of
the sampling. P. marinus was probably introduced to the lagoons by the inlet of water with
a North Sea origin. The lagoon was kept for the next year’s production, but P. marinus
apparently did not survive during winter.

Two specimens of P. marinus (a female and a copepodite) were found offshore Hirtshals
(Denmark), at an 18 m deep site, on 11 November 2022, in the frame of a national NOVANA
programme with monthly samplings. The sampling location, on the mid-eastern North Sea
coast, is characterized by a permanently thermally mixed water column. P. marinus occurred
at salinities from 31.0 to 32.5, at temperatures from 12.2 to 12.8 ◦C, in fully oxygenated
waters. The coastline has great importance as a nursery and spawning ground for fish,
shrimp and other larger crustaceans.

- Western Mediterranean Sea

P. marinus was recorded for the first time in the pelagic waters off the Tuscany coast,
12 nautical miles from Leghorn harbour (Italy; southern Ligurian Sea), in November 2020,
at a station 100 m deep. Only one female and two copepodite specimens were found,
collected with night-time horizontal surface sampling (0–5 m). Subsequent monitoring in
the same area, conducted seasonally, resulted in the collection of three ovigerous female
specimens the following autumn, in November 2021, by night-time vertical sampling from
50 m depth to the surface. The zooplankton samples were taken with a modified WP2
net (mesh size: 300 μm; mouth diameter: 60 cm). The investigated sector, located off the
Italian coast, on the border between the northern Tyrrhenian and the Ligurian Seas, is
characterized by the large extension of the continental shelf and the limited depth (100 m),
even at a considerable distance from the coast (18 miles) [60]. The coastal area of the
sampling sites is strongly influenced by anthropogenic pressure, with both tourist and
commercial activities. The Leghorn harbour is one of the main commercial ports in the
western Mediterranean Sea; consequently, the introduction of P. marinus into the area was
likely mediated by ballast waters.

In the Gulf of Pozzuoli (Italy; central Tyrrhenian Sea), several P. marinus individuals
(females, males and copepodites) were found on 19 July 2018 in the framework of the
ABBaCo Project. The population abundance was 22.2 ind. m−3 at a coastal station situated
near Nisida island mussel farms (at the boundary between the Gulf of Pozzuoli and the
Gulf of Naples), while the NIS ranked as a rare species at a site inside the Gulf of Pozzuoli;
its first record in this area was dated to 2018 rather than 2019 [32].
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In the innermost southeasternmost part of the Gulf of Naples (Italy; central Tyrrhenian
Sea), P. marinus was found as a rare species (one female) in July 2020 in the framework
of the NEREA project. The sampling area is affected by the presence of the Sarno River,
which carries high concentrations of inorganic and organic pollutants and is considered
one of the most polluted rivers in Europe [61]. It is to be noted that in previous samplings
in the same area (2002–2005 and 2007–2009), this species was not recorded. At present, it is
difficult to formulate hypotheses on the introduction pathway of P. marinus in this area, but
a realistic possibility is the arrival through secondary spread (water currents, attachment to
hull fouling) or from neighbouring introduced areas (e.g., LTER_EU_IT_061).

In April 2021, ten adult females and one male were also found off Torre del Greco, a
locality positioned south-east from LTER_EU_IT_061 station in the Gulf of Naples. Subse-
quently, in June 2021, during the sampling activities of the PO FEAMP project, one female
was found as a rare species (0.14 ind. m−3) at a station between Torre del Greco and Torre
Annunziata (further south-east from Torre del Greco) in the 0–25 m layer. As for the Gulf of
Pozzuoli, in these two cases, the samples were also collected near mussel farms, supporting
the introduction through shellfish culture.

The Gulf of Salerno (Italy; central-southern Tyrrhenian Sea) presents an average
depth similar to that of the Gulf of Naples (260 and 170 m, respectively), but it is more
open to oligotrophic waters from the Tyrrhenian Sea while the human impact is less
pronounced [62]. One P. marinus female was found in September 2019 in the framework of
a monitoring program in the 0–50 m layer at an offshore station during the discharge of
sediments dredged from the nearby port of Salerno, which may be assumed as the origin
point. Samples collected in the port by vertical hauls did not reveal any presence of P.
marinus. It is thus reasonable to assume that the species was collected from the bottom,
where it stays during the morning, in a layer not sampled by the plankton net.

- Ionian Sea and the Central Mediterranean Sea

Several specimens (ovigerous female, male and copepodites) of P. marinus were col-
lected in front of Marina di Ragusa (Sicily, Italy), a coastal area facing the Malta Channel.
Specimens were collected in November 2022 by daytime vertical and horizontal hauls
carried out near the coast, over a water column that ranged from 3 to 9.5 m in depth. In
this area, P. marinus reaches a maximum abundance of 3.5 ind. m−3 at a depth of 4.5 m.
The Malta–Sicily Channel is part of the Sicily Channel system, where waters and thermo-
haline properties between the eastern and western Mediterranean basins mix together.
Topographically, the extensive continental shelf between the Sicilian coast and the island of
Malta is characterized by a plateau with an average depth of 150 m [63]. The monitored
stretch of coastline is characterized by a high intensity of industrial settlements, mainly in
the field of hydrocarbon supply and processing. For this reason, it can be hypothesized that
the introduction of P. marinus was mediated by commercial maritime traffic, particularly
through ballast water from ships.

- Adriatic Sea

In the Gulf of Trieste (Italy; northern Adriatic Sea), P. marinus has been recorded since
2009, when it was found for the first time in the harbour of Monfalcone [20], probably
introduced by ballast waters or as a consequence of aquaculture activities. Since then,
it was observed in several samples collected at sampling stations in the central part of
the gulf, near the harbour of Trieste and at the coastal LTER_EU_IT_056 station [22].
As in samples collected from January 2006 to December 2017 with WP2 vertical nets
(mesh size: 200 μm; mouth diameter: 57 cm) [22], P. marinus was also present year-round
during January 2018–December 2022, mainly as copepodites that were frequently found in
summer and autumn. The abundance of P. marinus in this last period never reached the
maximal values previously observed (172.6 ind. m−3), with the highest values of 15.4 and
15.1 ind. m−3 in September 2020 and July 2021, respectively.
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Recently, P. marinus has also been spreading in the neighbouring Marano and Grado
Lagoon, which, together with the Venice Lagoon, is one of the two most important coastal
systems in northeastern Italy, located between the Friuli Venezia Giulia lowlands and
the northern Adriatic Sea. The Marano and Grado Lagoon is a shallow basin (average
depth 1 m) bounded by the Tagliamento River to the west and by the Isonzo River to the
east. It extends parallel to the northernmost coast of the Adriatic Sea for a length of about
32 km and covers an area of 160 km2. This basin plays an important role for fishery, fish
and shellfish farming, and it has been designated as a site of the Natura 2000 network.
Moreover, it is a Special Area of Conservation (SAC—IT3320037) and a Special Protection
Area (SPA—IT3320037). The northernmost part of the basin hosts an industrial area along
with the harbour of Porto Nogaro, an international commercial port with a total cargo
handled from 2012 to 2022 ranging from around 900,000 to 1,500,000 t y−1 [64] accessible
through a navigable canal crossing the lagoon.

Zooplankton surveys in the Marano and Grado Lagoon began in March 2019 and
were conducted monthly from January 2020 to November 2021, interrupted only in March
and April 2020 due to the COVID-19 pandemic. Samplings were performed during the
daytime with a Bongo net equipped with a 200 μm net, and floats were attached to support
the net collectors. The net was towed at low speed (<1 m s−1) for about five minutes,
allowing an average of 6,000 L of water to be filtered per tow. P. marinus was found in
49 of the 164 samples analysed, in a wide range of temperature (5.0–30.0 ◦C) and salinity
(4.7–35.4) values. Although P. marinus was not always observed at all sites, it was present
in almost every sampling, with abundances ranging from 0.1 to 19.8 ind. m−3 in February
2021 and July 2019, respectively. In addition to net zooplankton surveys, in spring and
autumn 2021, water samples (5 L at each station) for eDNA analyses were collected at
16 stations and filtered through 1.2 μm PES membrane filters (PALL Laboratory, Port
Washington, NY, USA). eDNA metabarcoding targeting the mitochondrial cytochrome-c-
oxidase I gene (COI) using mlCOIintF and jgHCO2198 primers [65,66] allowed for the first
time the detection of P. marinus in the lagoon (one site on 27 September 2021) with this
approach. The introduction of P. marinus in the lagoon was probably associated with the
extensive aquaculture activities in the area (as hypothesised also to explain its presence
in the artificial channel near the harbour of Monfalcone [20]), but arrival by ballast waters
cannot be ruled out.

- Aegean-Levantine Sea

Thessaloniki Bay (Greece) is the upper part of the Thermaikos Gulf, which is a marine
ecosystem with high complexity that can be divided into three parts: Thessaloniki Bay,
the inner Thermaikos Gulf and the outer Thermaikos Gulf. The latter is connected to the
Aegean Sea with water exchange taking place and is also influenced by the inflow of the
Black Sea waters [67]. Following the first record in Thessaloniki Bay in 2021 [40], an analysis
of earlier collected samples from the outer Thermaikos Gulf in 2016 recorded the presence
of P. marinus. One adult female, one adult male and two copepodites were identified. The
adult female was found in a surface sample collected at 3 m depth, while the male and
copepodite specimens were found in samples collected from deeper layers (45.5 and 64.5 m,
respectively) with temperature ranging from 14.7 to 27.7 ◦C. These specimens collected in
2016 could have arrived in the Thermaikos Gulf either through ballast waters or through
the coastal circulation of waters from the Aegean and the Black Sea, where P. marinus was
recorded for the first time in 2016 [68]. These new findings bring forward five years the
arrival of P. marinus in the basin, from 2021 [40] to 2016.

Table 1 summarises the temperature and salinity values (or ranges, depending on the
site) associated with the P. marinus records in the survey literature and in the original data
presented here.
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Table 1. Temperature (◦C) and salinity values (or ranges, depending on data availability) associated
with the occurrence of Pseudodiaptomus marinus in European and neighbouring waters, as derived
from the literature survey and the original data presented in this work.

Site Temperature Salinity

Bay of Biscay and the Iberian Coast

Peniche (PT) 15.5–17.1 ◦C 35.0–35.1
Celtic Seas

Bristol Channel (UK) n.a. n.a.
Greater North Sea

East Anglia (UK) n.a. n.a.
East Kent (UK) n.a. n.a.

Isle of Wight (UK) n.a. n.a.
River Blackwater (UK) n.a. n.a.

River Humber (UK) n.a. n.a.
River Thames (UK) n.a. n.a.
Southampton (UK) n.a. n.a.

South Kent (UK) n.a. n.a.
Southeast Yorkshire (UK) n.a. n.a.

The Eastern Scheldt estuary (NL) [30] ~21 ◦C ~31
Limfjord (DK) 18 ◦C 29
Hirtshals (DK) 12.2–12.8 ◦C 31.0–32.5

Western Mediterranean Sea

Leghorn (IT)—Nov 2020 §1 17.7 ◦C 38.3
—Nov 2021 §2 17.3 ◦C 38.1

Gulf of Naples—Sarno River (IT) §3 15.3 ◦C 37.6
Gulf of Naples—Torre del Greco (IT) §4 14.9 ◦C 37.9

Gulf of Naples—Between Torre del Greco and Torre Annunziata (IT) 17.4–28.1 ◦C 36.9–37.9
Gulf of Pozzuoli (IT) 15.2–27.0 ◦C 37.6–38.0

Gulf of Pozzuoli (IT) [32] 17.4–27.3 ◦C 37.5–37.7
Gulf of Salerno (IT) §5 16.6 ◦C 38.5

Ionian Sea and the Central Mediterranean Sea

Marina di Ragusa (IT) §6 17.3 ◦C 38.7
Adriatic Sea

Emilia Romagna coasts (IT) [33] 6.8–15.4 ◦C 33.3–39.9
Gulf of Trieste (IT) 9.6–25.9 ◦C 34.3–38.5

Marano and Grado Lagoon (IT) 5.0–30.0 ◦C 4.7–35.4
Croatian ports (HR) [35,36] n.a. n.a.

Neretva River (HR) [37] 10.6–25.5 ◦C 0.0–38.4
Aegean-Levantine Sea

Thessaloniki Bay (GR) [40] 17.2–31.0 ◦C 34.8–38.5
Thermaikos Gulf (GR) 14.7–27.7 ◦C 34.9–38.5

İskenderun Bay (TR) [49,50] 15.2–16.1 ◦C 38.5–38.8
İzmir Bay (TR) # [44] 19 ◦C 38.9

Yenifoça Bay (TR) [46,47] 14.6–15.1 ◦C 39.2
Hadera monitoring station (IL) [48] 16.2–32.4 ◦C 38.3–40.4

Black Sea

İzmit Bay (TR) [54] 15.6–23.2 ◦C 29.5–38.7

Vertically integrated values: §1 0–5 m; §2 0–50 m; §3 0–10 m; §4 0–90 m; §5 0–50 m; §6 0–4.5 m. # surface values.

4. Discussion

According to a recent census [69], 874 NIS have been recorded in strictly European
marine waters as of 2020, at a rate of 21 new introductions per year over the 2012–2017
period. Their distribution is uneven, with the highest number of aliens found in Italy,
France, Spain and Greece, probably due to several factors including increased monitoring
efforts and the density of gateways and pathways [29]. Among the species more capable
of establishing in a highly diversified range of environments is the calanoid copepod
Pseudodiaptomus marinus. In a few years after its first spotting in the Adriatic Sea in
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2007 [20], this species has recorded a fast spreading in European and neighbouring waters,
with a process that is still ongoing. As reviewed in the present contribution, compared to
a previous snapshot [22], the distribution of P. marinus has further expanded in different
sectors of ENW, likely due to either new introductions or secondary spreading from already
introduced environments. The presence of P. marinus is now verified in eight out of the
ten MSFD subregions, now including the Celtic Seas compared to [22]. This spread is
particularly impressive considering that in [29] the occurrence of P. marinus was verified
only in four subregions (Western Mediterranean, Ionian Sea and the Central Mediterranean
Sea, Adriatic Sea, Greater North Sea). The continuous monitoring of NIS occurrence is
fundamental to assess the real-time evolution of its spreading [70]. Such activity would also
crucially benefit from an increase in the use of molecular tools [3,29]. Indeed, metabarcoding
studies on plankton communities are contributing to the early detection of non-indigenous
and even rare species [71]. With specific reference to P. marinus from ENW, over the time
window investigated in the present work, new sequences have been made available from
the area of interest [31,48,54,72], adding to previous molecular studies [25,73–77]. The
increase in new validated reference sequences for this species (e.g., [48,72]) is fundamental
for a proper molecular identification of P. marinus using metabarcoding approaches (eDNA
and/or organismal DNA) (e.g., [31,48]), as well as in the investigation of the genetic
connections of geographically distant populations (e.g., [76]).

As discussed in [22], P. marinus can exploit different vectors of introduction in new
environments, e.g., ballast waters and aquaculture/mariculture, configuring as a polyvectic
species [78]. At a regional scale, the secondary arrival of this NIS can be favoured by the
local current regimes [22]. For example, the spread of P. marinus in the North Sea might have
been supported by the mostly cyclonic circulation of the basin [79]. The first observations
of this NIS in Calais harbour (France) in 2010 [26] were followed by the first occurrences
of P. marinus in the Continuous Plankton Recorder samples in 2011 [80] and then further
east in subsequent years ([22,30,75,81,82], present study). Recently, it was suggested that
species inhabiting the Adriatic Sea could be transported to the Turkish Levantine coast by
the Bimodal Oscillation System (BiOS) [83]. This process leads to switching the circulation
patterns of the North Ionian Gyre (NIG) between cyclonic and anticyclonic on decadal
intervals [84]. BiOS can affect the thermohaline properties in the southern Adriatic Sea and
also affect the Levantine Surface Water (LSW) and Levantine Intermediate Water (LIW)
via the Ionian Jet current [85]. Therefore, it is hypothesised that P. marinus could have
arrived in the Köprüçay estuary by the BiOS mechanism or even more likely by ship ballast
waters. More research on this topic is needed, likely including the use of molecular tools
to reconstruct the phylogeographic connections of the two populations. The original data
presented here also identify another possible introduction pathway, i.e., the discharge of
sediments dredged in areas where the copepod has already established, as proposed for
the Gulf of Salerno (see Section 3.2).

The data presented in this work (both from the literature and original) confirm the
ability of P. marinus to establish in a variety of environments, as discussed in previous
reviews [21,22,26]. This species can establish in coastal areas as well as in estuaries and
coastal lagoons, in a wide range of temperatures and salinities. Species of the genus
Pseudodiaptomus are considered rare, if not completely absent, below the 10 m isobath [86].
The data included here verify the ability of P. marinus to establish at sites where the bottom
depth is deeper than this threshold, as shown also in [22]. Currently available information
also suggests no latitudinal preference in this NIS.

Compared to distributions obtained by model simulations accounting for the species
net reproductive rate as a function of water temperature [87,88], P. marinus has clearly
established in theoretically non-invadable regions, confirming its settlement in areas poten-
tially unsuitable (southern North Sea, Levantine Basin, Black Sea) ([22,75,81,82], present
study). It is worth underlining that in [21], the absence (as of 2015) of P. marinus in the
eastern Mediterranean Sea was supposed to be related to a hypothetical haline restriction of
this copepod to salinities < 38.5. Subsequent salinity tolerance experiments [23], however,
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reported an upper limit to values up to 44, and the records of P. marinus in the Levantine
Basin [48,49] validate its ability to spread outside its theoretical ecological and geographical
boundaries, pointing to species-specific physiological traits supporting a plastic adaptation
to a wide range of abiotic conditions [22,23].

The present distribution of P. marinus may actually be underestimated. Owing to
its epibenthic behaviour, the chances of collecting enough specimens during day-time
samplings are reduced, especially considering that vertical tows never allow sampling near
the bottom. To date, the introduction of P. marinus has not had negative impacts on the
pelagic communities of the receiving environments, with the only exception of the Agua
Hedionda Lagoon (Agua Hedionda Lagoon, CA, USA) [86], although no information is
presently available for the benthic ecosystems where this NIS lives during the morning [22].
In light of this, night-time samplings could be of great help to more efficiently reveal the
real occurrence of this species.

As pointed out by [3], the majority of zooplankton invasions are reported for species
with documented severe ecological impacts in urbanised and commercially important
areas, likely more intensively monitored by different research institutions. Efforts should
be devoted to the collection of samples from regions with limited coverage, also resorting
to the possibility of using metabarcoding approaches to detect NIS, including P. marinus
that typically occurs in few numbers and is therefore often rare in zooplankton samples.

The reports available allow us to make tentative hypotheses on the future distribution
of P. marinus. It may be very likely that this NIS will appear along the North African coasts
(where it has been reported so far only in the Gulf of Gabès [22]) and at more sites in
the Black Sea, in the Aegean Sea, along the Atlantic coastline and in the English Channel,
where this species is already introduced. The occurrence of P. marinus along the Danish
coast in the southern North Sea suggests a potential future introduction, as well as in the
Baltic Sea, a basin where biological invasions have already occurred [89], also including
zooplanktonic organisms [90]. The temperature and salinity conditions of the Baltic Sea
may be compliant with the tolerance limits of P. marinus [23], although to date no record of
this species has occurred.

Over the last twenty years, an increase in non-indigenous zooplankton organisms has
been evidenced, owing to an increase in awareness and in the number of invaders [3]. Based
on its great spreading capacities, P. marinus is a target species to improve our knowledge of
the mechanisms favouring the introduction of NIS in receiving environments worldwide.
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for assistance with the analyses of the samples. A.d.O., A.G., E.B. and V.T. thank colleagues of
OGS and ARPA FVG for the help in sampling at the LTER site and in the Lagoon of Marano and
Grado, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Geburzi, J.C.; McCarthy, M.L. How do they do it?—Understanding the success of marine invasive species. In YOUMARES
8—Oceans Across Boundaries: Learning from Each Other; Jungblut, S., Liebich, V., Bode, M., Eds.; Springer: Cham, Switzerland, 2018;
pp. 109–124.

2. Simberloff, D. Non-native invasive species and novel ecosystems. F1000Prime Rep. 2015, 7, 47. [CrossRef]
3. Dexter, E.; Bollens, S.M. Zooplankton invasions in the early 21st century: A global survey of recent studies and recommendations

for future research. Hydrobiologia 2020, 847, 309–319. [CrossRef] [PubMed]
4. Lee, C.E. Evolutionary mechanisms of habitat invasions, using the copepod Eurytemora affinis as a model system. Evol. Appl. 2016,

9, 248–270. [CrossRef] [PubMed]
5. Gollasch, S.; Lenz, J.; Dammer, M.; Andres, H.-G. Survival of tropical ballast water organisms during a cruise from the Indian

Ocean to the North Sea. J. Plankton Res. 2000, 22, 923–937. [CrossRef]
6. Choi, K.H.; Kimmerer, W.; Smith, G.; Ruiz, G.M.; Lion, K. Post-exchange zooplankton in ballast water of ships entering the San

Francisco Estuary. J. Plankton Res. 2005, 27, 707–714. [CrossRef]
7. Cabrini, M.; Cerino, F.; de Olazabal, A.; Di Poi, E.; Fabbro, C.; Fornasaro, D.; Goruppi, A.; Flander-Putrle, V.; France, J.; Gollasch,

S.; et al. Potential transfer of aquatic organisms via ballast water with a particular focus on harmful and non-indigenous species:
A survey from Adriatic ports. Mar. Poll. Bull. 2019, 147, 16–35. [CrossRef] [PubMed]

8. Velasquez, X.; Morov, A.R.; Terbıyık Kurt, T.; Meron, D.; Guy-Haim, T. Two-way bioinvasion: Tracking the neritic non-native
cyclopoid copepods Dioithona oculata and Oithona davisae (Oithonidae) in the Eastern Mediterranean Sea. Mediterr. Mar. Sci. 2021,
22, 586–602. [CrossRef]

9. Zagami, G.; Brugnano, C.; Granata, A.; Guglielmo, L.; Minutoli, R.; Aloise, A. Biogeographical distribution and ecology of the
planktonic copepod Oithona davisae: Rapid invasion in Lakes Faro and Ganzirri (Central Mediterranean Sea). In Trends in Copepod
Studies—Distribution, Biology and Ecology; Uttieri, M., Ed.; Nova Science Publishers, Inc.: New York, NY, USA, 2018; pp. 59–82.

10. Feis, M.E.; Goedknegt, M.A.; Arzul, I.; Chenuil, A.; den Boon, O.; Gottschalck, L.; Kondo, Y.; Ohtsuka, S.; Shama, L.N.S.; Thieltges,
D.W.; et al. Global invasion genetics of two parasitic copepods infecting marine bivalves. Sci. Rep. 2019, 9, 12730. [CrossRef]
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New Mediterranean biodiversity records (December 2019). Mediterr. Mar. Sci. 2019, 20, 645–656. [CrossRef]

14. Bollens, S.M.; Breckenridge, J.K.; Cordell, J.R.; Rollwagen-Bollens, G.; Kalata, O. Invasive copepods in the Lower Columbia River
Estuary: Seasonal abundance, co-occurrence and potential competition with native copepods. Aquat. Invasions 2012, 7, 101–109.
[CrossRef]

15. Bouley, P.; Kimmerer, W.J. Ecology of a highly abundant, introduced cyclopoid copepod in a temperate estuary. Mar. Ecol. Prog.
Ser. 2006, 324, 219–228. [CrossRef]

16. Barroeta, Z.; Villate, F.; Uriarte, I.; Iriarte, A. Impact of colonizer copepods on zooplankton structure and diversity in contrasting
estuaries. Estuaries Coasts 2022, 45, 2592–2609. [CrossRef]

17. Camatti, E.; Pansera, M.; Bergamasco, A. The copepod Acartia tonsa Dana in a microtidal Mediterranean lagoon: History of a
successful invasion. Water 2019, 11, 1200. [CrossRef]

187



J. Mar. Sci. Eng. 2023, 11, 1238

18. Cordell, J.R.; Rasmussen, M.; Bollens, S.M. Biology of the introduced copepod Pseudodiaptomus inopinus in a northeastern Pacific
estuary. Mar. Ecol. Prog. Ser. 2007, 333, 213–227. [CrossRef]

19. Adams, J.B.; Bollens, S.M.; Bishop, J.G. Predation on the invasive copepod, Pseudodiaptomus forbesi, and native zooplankton in
the lower Columbia River: An experimental approach to quantify differences in prey-specific feeding rates. PLoS ONE 2015,
10, e0144095. [CrossRef] [PubMed]

20. de Olazabal, A.; Tirelli, V. First record of the egg-carrying calanoid copepod Pseudodiaptomus marinus in the Adriatic Sea. Mar.
Biodivers. Rec. 2011, 4, e85. [CrossRef]

21. Sabia, L.; Zagami, G.; Mazzocchi, M.G.; Zambianchi, E.; Uttieri, M. Spreading factors of a globally invading coastal copepod.
Mediterr. Mar. Sci. 2015, 16, 460–471. [CrossRef]

22. Uttieri, M.; Aguzzi, L.; Aiese Cigliano, R.; Amato, A.; Bojanić, N.; Brunetta, M.; Camatti, E.; Carotenuto, Y.; Damjanović, T.;
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