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ABSTRACT

Recent studies have demonstrated that plankton can be a key pathway for the uptake and transfer of contami-
nants entering the marine environment up to top predators.

The plankton-contaminant MERITE-HIPPOCAMPE cruise was devoted to quantifying contaminants in water
and the whole plankton size range (10 size fractions) at 10 stations along a north-south transect in the western
Mediterranean Sea from the French to the Tunisian coasts through the Provencal and Algerian basins. Pumping
and filtering devices and net sampling have been used for collecting very high amounts of small particles and
planktonic organisms in the chlorophyll maximum layer (CML). The present paper characterizes the zooplankton
components for which the contaminant measurements were carried out. At each station, a horizontal towed
Hydro-Bios net with a 60 pm mesh-size net was used to discriminate 5 size-fractions from 60 pm to a few mm. For
each size-fraction, one part of the sample was used for dry weight measurements and the other one for estimating
the contribution to biomass of detritus, phytoplankton, and among zooplankton of the major taxonomic groups
based on the imagery tools ZOOSCAN and FLOWCAM. In each zooplankton size fraction, metabolic rates were
calculated from the size spectrum to estimate trophic and excretion fluxes flowing through this fraction. These
observations were compared to a similar analysis of tows in the upper layer (vertical) and the surface layer
(horizontal).

The total sampled biomass concentration at the CML was higher than in the water column (COL) and much
higher than at the surface (SURF) in most of the stations, but in the CML and COL a substantial contribution was
due to detritus mostly concentrated in the smallest size-fractions (60-200 pm and 200-500 pm). Absolute values
of zooplankton biomass show neither a clear spatial pattern nor a significant difference between strata. The CML
layer was dominated by copepods similarly to COL and SURF, but presented a higher contribution of nauplii and
a near absence of appendicularians. At some stations, crustaceans and gelatinous plankton could be important
contributors to CML. The zooplankton biomass composition of the two smallest fractions (<500 pm) was
dominated by nauplii, small copepods and, occasionally, by small miscellaneous organisms (mostly pteropodes).
In contrast, clear differences between stations appeared for the largest fractions (=500 pm) due to large crus-
taceans, gelatinous organisms, and chaetognaths. These changes in biomass composition according to size
fractions suggest a progressive trophic shift from dominant herbivory in the smallest fractions to more contrasted
trophic structure (including carnivory) in the largest fractions.

The daily carbon demand and the N and P excretion of zooplankton were on average higher at the CML but
with no significant difference with COL. The zooplankton grazing represented 2.7 to 22.7 % of the phytoplankton
stock per day, whereas its excretion represented a daily N and P recycling compared to dissolved inorganic
nitrogen and phosphorus stocks ranging respectively from 0.2 to 19 % and from 0 to 21 %. This information
should help in the interpretation of the content of various contaminants in zooplankton fractions.




1. Introduction

Organic and metallic contamination levels have been monitored at
alarming levels in large marine vertebrates (fish, mammals) in many
regions and for several decades (Das et al., 2002; Van der Oost et al.,
2003; Weijs et al., 2014; Khairy et al., 2021). However, it is only recently
that measurements of contaminants have become available in the sur-
rounding environment and in the prey of these organisms, and have
proven to be necessary for understanding the processes of contaminant
accumulation in bottom-up food webs (Weijs et al., 2014). Several
recent studies have demonstrated that plankton can be a key pathway
for the uptake and transfer of contaminants entering the marine envi-
ronment, playing a potential ecological role as the biological pump of
contaminants (Tiano et al., 2014; Suady et al., 2015; Chouvelon et al.,
2019). Trophic transfer models of contaminants underline the need for a
better evaluation of transfer processes, particularly by trophic in-
teractions, with a prerequisite being the availability of consistent data
on contaminant content in successive trophic levels (Alekseenko et al.,
2018). However, such studies are most often limited to a segment of the
planktonic food-web for methodological reasons; to accurately measure
these contaminant levels, large sample volumes are required and must
enable distinetion between different planktonic trophic levels. Pumping
and filtering devices have been widely developed for collecting very
high amounts of small particles and planktonic organisms smaller than
microplankton (phyto- and zoo-) based on size-fractionation (e.g. Wen
et al., 2018). A recent integrated study in the Gulf of Lion dedicated to
investigating sardine and anchovy contamination (COSTAS) has
extended this size fraction approach to the meso- and macro-
zooplankton categories of net-collected organisms (Tiano et al., 2014;
Chouvelon et al., 2019), giving an adequate fractional resolution for
tracing contaminants in the planktonic network.

1t is therefore important to further develop approaches that collect
large plankton biomass in the same water bodies and that sort these
biomasses by size fractions across the whole planktonic size range. The
aim of the MERMEX MERITE program was to improve and test different
approaches of collection/size fractionation of plankton biomasses in
coastal areas (Bay of Toulon, Bay of Marseille, Gulf of Gabes), before
defining a global protocol to be used along a north-south transect in the
Mediterranean Sea, from the French coast to the Tunisian coast, passing
offshore of Corsica and Sardinia: the MERITE HIPPOCAMPE campaign
(Tedetti etal., 2023). The campaign consisted of sampling large volumes
of water and seston including plankton for measuring a large spectrum
of organic and metallic contaminants (see details of survey strategy in
Tedetti et al., 2023). For the 10 stations investigated, the samples were
collected in one common layer in the water column, the chlorophyll
maximum layer (CML), assumed to be the layer with the highest con-
centrations of plankton (mainly phytoplankton, but supposed to be
attractive for zooplankton). Sampling was done using pumping systems
(McLane pumps) and a horizontal towed Hydro-Bios net with 60 pm
mesh-size net allowing discrimination up to 5 size-fractions between 0.2
and 60 pm and 5 size-fractions between 60 pm and a few mm (see details
of methodology in Tedetti et al., 202.3).

The aim of the present paper is to characterize the zooplankton
components (from 60 pm to a few mm) in the different fractions of the
samples collected at the CML of each station for which the contaminant
measurements were carried out. For each size-fraction, the contribution
to the biomass of detritus, of phytoplankton, and among zooplankton of
the major taxonomic groups has been quantified. Metabolic rates
calculated from the size spectrum of each zooplanktonic size fraction
enable estimation of trophic and excretion fluxes flowing through this
size fraction. To assess whether the contribution of taxonomic groups to
the zooplankton biomass in the CML reveals a particular niche or not, it
is compared to similar analyses carried out on vertical features in the
epipelagic zone (200 m depth or bottom to surface).

2. Material and methods
2.1. Study area and sampling strategy

The MERITE-HIPPOCAMPE cruise was carried out between 13 April
and 14 May 2019, during the spring bloom, along a north-south transect
in the western Mediterranean Sea, from the French coast (Toulon,
Marseille) to the Tunisian coast (Gulf of Gabes) aboard the French
Research Vessel Antea (Fig. 1). Ten stations were sampled during 2 legs.
Five stations (St02, St04, St03, St10, and St11) from Toulon to Tunis
during Leg 1 (second half of April), and five other stations (Stl5, St17,
St19, St09, and St01) from Tunis to the south of the Gulf of Gabes and
then on the way back to Toulon - La Seyne, during Leg 2 (first half of
May). For each station, the date of sampling, the geographical position,
the station depth, and the depth of different samples (CTD and net tows
explained below) are presented in Table 1.

2.2, Environmental data

At each station, an oceanographic carousel equipped with a CTD
Seabird SBE 911plus to measure the hydrological variables (tempera-
ture, density and salinity) was deployed down to 250 m for open-sea
stations or near the bottom for shallower stations (see Table 1). In
addition, the CTD was coupled with several sensors including
chlorophyll-a fluorescence (Chla; Aqua Tracka, Chelsea ctg).

2.3. Zooplankton sampling and sample processing

Zooplankton samples were obtained using three different types of
nets for different strata in the water column (Table 2). A Multiple
Plankton Sampler (Midi type, Hydro-Bios) with a square aperture sur-
face of 0.25 m? towed at a constant speed of around 2 knots was used for
sampling horizontally at the depth of the CML (see sampling depth for
each station in Table 1), with five successive shut-off nets of 60 pm
mesh-size, each of them filtering a water volume of around 50 to 80 m®
(estimated by automatic detection with internal and external flowme-
ters, and according to plankton load before clogging). A Manta net was
used for surface sampling, with a rectangular aperture of 0.7 x 0.4 m,
and a 60 pm mesh-size net, towed at a constant speed of 2 knots for 10
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Fig. 1. Map of sampled stations during the two legs of the MERITE-
HIPPOCAMPE cruise (13 April-14 May 2019) on board the RV Antea.



min.

A steel frame with three circles (triple-net), each with a 60 em
diameter opening, was towed vertically at a constant speed of 0.7 m/s
through the water column from 200 m depth (or near the bottom) to the
surface (see depth of vertical net lines for each station in Table 1). Three
different mesh size nets - 60, 120 and 200 pm - were attached to the
triple-net. The sample collected by the 120 pm net was not analyzed in
this study, since the samples collected with the 60 and 200 pm nets
provided a complete coverage of the zooplankton size spectrum. More-
over, the community observed within the 60 pm vertical net can be
compared with the one collected at the DCM with the Hydrobios net.

For further zooplankton analysis (biomass imagery, and micro-
scopy), the samples from the different nets were fractionated using
stainless-steel sieves of different mesh-sizes. The fractionation scheme
slightly differed between nets due to different scientific objectives
(Table 2). The samples from Hydro-Bios were fractionated on board
through a column of into five size fractions (60-200, 200-500,
500-1000, 1000-2000 and >2000 pm). These size-fractions were
defined for studying contaminants and therefore large volumes (be-
tween 300 and 2400 m®) were filtered in order to get enough plankton in
all fractions to measure contaminants and other parameters (Tedetti
et al., 2023). Around 10 % of each of these fractions were kept for
zooplankton analysis (NB: however, at a few stations, not enough
plankton material was recovered for the largest fractions, i.e. stations
04, 17 and 19). Then, they were split into two sub-samples: one kept at
—20 °C for further dry biomass weighing (mg DW m™?), and the other
one preserved in 4 % borax-buffered formalin for imagery treatment.
The protocol of fractions for Manta nets was imposed for a comparison
with a classical 300 pm mesh-size Manta net deployed in parallel (EU-
MSFD protocols, results not presented in this paper). Thus, two fractions
(below and above 300 pm) were considered for weighing, and then sub-
fractionating was done for imagery analysis, allowing comparisons with
Hydro-Bios samples. For the 60 pm mesh-size vertical net, only the
lowest three size fractions common with those of Hydro-Bios were
considered (because the plankton content was generally low). However,
larger fractions were observed in the 200 pm mesh size net. Sub-samples
of each fraction from the Manta net and vertical nets were preserved in a
similar way as for Hydro-Bios samples and for similar analysis (see
Table 2).

2.4. Zooplankton imagery treatment

Sample fractions below 500 pm were processed using a FlowCAM
(see Table 2; Yokogawa Fluid Imaging Technologies Inc. Series VS-IV
benchtop model (Sieracki et al., 1998). The other fractions were
treated using a ZOOSCAN (Gorsky et al.,, 2010). For both imagery
sample treatments (FlowCam and Zooscan), the analyses were done
following the protocol described by Feliti et al. (2020). Distinet biolog-
ical components and particles were differentiated: microalgae (eukary-
otic microalgae and prokaryotic cyanobacteria) and non-living detritus
material (marine snow, aggregates), and several living taxonomic

Table 1

groups of zooplankton: nauplii, copepods, crustaceans, appendicu-
larians, gelatinous organisms, chaetognaths, and other diverse
zooplankton groups (including molluscs, polychaetes, and rare pro-
tozoans) gathered in one group named ‘miscellaneous’ below. For each
category, the abundance of organisms (ind m ™) or particles (nb m™3),
and their area (1111112) and biovolume (1111113) were provided.

2.5. Biomass measurements and derived carbon demand, respiration, and
excretion by zooplankton

In the laboratory, dry-weight biomasses were determined after dry-
ing samples on pre-weighed GE/F filters (60 °C, 24 h) and then re-
weighed with a microbalance (Mettler, precision 0.1 mg) according to
the protocol established by Lovegrove (1966). The contributions of
zooplankton, detritus, and microalgae components to the total weighed
biomass were estimated by using for zooplankton individuals the re-
lationships from TLehette and Hernandez Leon (2009) between body-
area and body-weight, and for detritus and microalgae particles the
biovolume-weight relationships from Alldredge (1998). Zooplankton
biomass was converted into carbon assuming the carbon/dry-weight
ratios given by Gorsky et al. (1988) for Mediterranean zooplankton taxa.

The zooplankton carbon demand (ZCD, in mg Cm 3 d 1), respiration
rates and ammonium and phosphorus excretion rates (both in pmol L™
d1) were computed following the protocol described by Felid et al.
(2020), and based on allometric relationships to individual body-
weight.

2.6. Data analysis

A principal component analysis (PCA) was performed on the envi-
ronmental parameters, including temperature, density, salinity, and
chlorophyll concentration (from in situ fluorescence measurements).
For the spatial patterns of zooplankton communities, a taxonomic
group-station matrix was created using the biomass values; this was
square-root transformed to estimate Bray-Curtis similarity distances.
The similarity matrix was then ordinated using non-metric multidi-
mensional scaling (NMDS). These two analyses were performed using
PRIMER v7 software (Anderson et al., 2008).

We tested for significant differences in biomasses (total, size frac-
tions, and taxa groups) using Student’s t-tests between samples of the
two vertical nets of the whole water column with mesh-size of 60 and
200 pm, and between samples of the whole water column (COL-60) and
from CML. Data were first verified for normality using the Kolmogrow-
Smirnov test and for homogeneity of variance using a Fisher F-test.
Mann Whitney U test was used to compare the grazing pressure of
zooplankton between areas.

Below, CML, SURF, COL refer to the three different strata sampled
with nets, respectively, the chlorophyll maximum layer, the surface
layer, and the integrated water column layer. COL-60 and COL-200 refer
to the mesh-size nets of 60 and 200 pm used for the integrated water
column tow.

Stations sampled during the MERITE-HIPPOCAMPE cruise: date, geographical position, bottom depths, maximum depths of CTD cast and of vertical triple net tow, and

depth of horizontal Hydro-Bios net tow.

Station Date Latitude (N) Longitude (E) Bottom depth (m) Depth of CTD cast (m) Depth Triple vertical net (m) Depth Hydro-Bios net (m)
st01 11-05-2019 43°04.398 5°58.838 a1 88 50 24
st02 15-04-2019 42°56.009 5°57.739 1770 250 210 31
st03 20-04-2019 43°08.823 5714.199 95 100 85 55
st04 16-04-2019 43°14.876 5°19.001 58 50 48 35
st09 09-05-2019 41°54.661 6720.163 2575 250 200 20
st10 24-04-2019 40°23.251 7°11.034 2791 250 180 40
stl1 25-04-2019 39°08.193 7°40.382 1378 250 182 35
st15 30-04-2019 36°12.164 11°08.057 100 95 50 68
st17 02-05-2019 34°30.118 11°43.593 43 43 39 37
st19 03-05-2019 33°51.226 11°20.165 50 50 42 39




3. Results
3.1. Spatial pattern of environmental variables

The first axis of the principal component analysis (PCA) on envi-
ronmental variables (79.6 % of variability) correlated with changes of
temperature and salinity separating the stations located north (St01 to
St09) and south (St10 to St19) of the Balearic front. Stations St10 and
Stl11 have intermediate positions with their temperature and salinity in
COL (both stations) and CML (St10 only) being close to those of the
northern stations, whereas temperature and salinity are close to those of
the southern stations for SURF and CML of St11. The second axis (15.6
%) is correlated with chlorophyll and differentiates CML, SURF and COL
values, more or less strong according to the stations, with the highest
difference at St09 (Fig. 2).

In general, the temperature and salinity profiles did not show strong
stratification of the water column during the cruise (see detailed profiles
of oceanographic and biological variables presented in Fig. 4). Tem-
perature values ranged from 14 to 17.8 “C at the surface (and very close
values at CML), with the highest values recorded in the Gulf of Gabes.

In the southern basin, the coastal stations of Tunisia (St15, 17, and
19) and stations 10 and 11 presented salinity profiles below 38 (with the
exception of St10, which had values higher than 38 below 79 m depth),
whereas the northern stations were above 38 (with the exception of the
first two meters of surface at St03). St09 presented the highest salinity in
the northern basin and showed a strong contrast with St10, the nearest
station in the southern basin. In general, the Chla vertical distribution
presented a well-pronounced maximum at the CML, located near or
above the bottom for most of the coastal stations (5t19, 17, 15, and 03),
or fluetuating in a more spread profile due to mixing (St01 and 04), St02
showing a typical Chla peak at mid-water depth. Among the offshore
stations, St09 presented the highest values of the campaign, distributed
in a broad surface mixed layer with a maximum value at 20 m, whereas
St10 and St11 presented a CML at 40-45 m although more prominent at
St10.

3.2. Spatial patterns of plankton and detritus biomasses

NMDS analysis of the percentage of zooplankton taxa biomass re-
veals differences in compositions among strata for all stations. Some
stations (St01, 02, 09, and 19) showed short distances between values of
the three strata in the NMDS plot (Fig. 2b) and this corresponded to only
small differences, among these strata, in biomass composition with high
dominance of the copepods (Fig. 3a-d). Inversely, in the other stations
(St03, 04, 10, 11, 15, and 17), wide differences between values of the
three strata in the NMDS plot are related to the dominance of other
taxonomic groups in one or two layers, e.g. importance of crustaceans at
the CML at St03, 04, 11 and 15, or in SURF at St10 and 17, or dominance
of gelatinous in COL at St15. From NMDS no clear regional patterns in

Table 2

zooplankton biomass composition appear, nor evident differences be-
tween coastal and off-shore stations, which would indicate for each
station a local influence of hydrography and short-term meteorology on
the biological biomass distribution.

The total sampled biomass was often higher at the CML than in COL-
60 (St01, 02, 04, 09, 11, and 17), but in some cases, it was equivalent
(St10, 15 and 17) or even lower (St03) and there was no significant
difference between the mean values of the two strata (t-test; p = 0.12).
Both strata showed higher values at the coastal stations (St01, 04, 17 and
19) than at the oceanic stations (St02, 09, 10, 11). SURF showed total
biomass generally much lower (Fig. 3e-h) and significantly different
than those recorded in COL or CML (paired t-test, p = 0.035 and 0.020,
respectively). Detritus was almost absent in SURF (Fig. 3f) but repre-
sented a high proportion of the total sampled biomass in COL and CML,
particularly in the shallowest southern (St17 and 19) and northern
stations (St04 at the CML) (Fig. 3e and g). Microalgae were collected at
the CML of almost all stations but always with very low biomass
compared to detritus and zooplankton, except at some coastal stations
(St01, 04, 17, and 19). They were very low in most COL samples, except
at St17 and were almost absent in SURF. The absolute values of
zooplankton biomass show neither a clear spatial pattern nor a signifi-
cant difference (paired t-test, p > 0.1) between the mean values of the
three sampled strata (Fig. 3e-h).

The comparison between the two vertical nets, the 60 pm (COL-60)
(Fig. 3c and g) and the 200 pm (COL-200) (Fig. 3d and h) mesh-size nets,
shows firstly that detritus and microalgae were collected almost exclu-
sively by COL-60. In general, zooplankton biomass was of the same
order for COL-60 and COL-200 (paired t-test; p = 0.16), but with some
differences in percentages of taxa. Nauplii, copepods, crustaceans, and
miscellaneous presented significant differences between the COL nets
(paired t-test, p < 0.05), whereas no differences appeared for appendi-
cularians, chaetognaths, and gelatinous organisms.

3.3. Zooplankton and detritus biomass in different layers at each station

St01 is a coastal station in the inner Bay of Toulon (Fig. 4a). The
water column presents a light thermocline at 10 m and a homogeneous
salinity over the 80 m profile. The fluorescence profile presents values of
around 0.3 mg Chla m~? at the surface, a maximum of 0.59 mg Chla m~3
at around 20 m (CML), and then a regular decrease down to the bottom.
CML presents high values of zooplankton biomass (45.8 mg DW m ),
almost twice the COL averaged biomass over 80 m (25.2 mg DW m )
and SURF biomass (19.7 mg DW m 3). For detritus, the CML biomass is
comparable to the COL biomass, whereas SURF biomass is weak.
Microalgae were found at the CML. Zooplankton biomass was domi-
nated by copepods and nauplii in the three strata, respectively 96, 92,
and 78 % for CML, COL and SURF (Fig. 3a—c), and SURF differed by
relatively high biomass of crustaceans and gelatinous organisms.

St02 is offshore of Toulon Bay (Fig. 4b). The water column presents

Scheme of treatments of the various size-fractions from the 3 nets used during the MERITE-HIPPOCAMPE cruise.

Net type Mesh-size (pm) Size fractions (pm) Weight Size fractions (pm) Imagery treatment
=>2000 Dry weight =>2000 Zooscan
1000-2000 Dry weight 1000-2000 Zooscan
Hydro-Bios 60 500-1000 Dry weight 500-1000 Zooscan
200-500 Dry weight 200-500 FlowCam
60-200 Dry weight 60-200 FlowCam
 weizh =>1000 Zooscan
200 200 Dy weight 200-1000 Zooscan
Triple Vertical >500 Zooscan
60 =60 Dry weight 200-500 FlowCam
60-200 FlowCam
. . . >1000 Zooscan
) 300 Dry weight 300-1000 Zooscan
Manta 60 .
60300 Dry weight 2-00—.300 FlowCam
60-200 FlowCam
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Fig. 2. (a) Principal component analysis (PCA) ordination
of four environmental indicators: temperature, salinity,
density and chlorophyll, and (b) Nonmetric Multi-
Dimensional Scaling (NDMS) on zooplankton taxa rela-
tive biomass, for all sampled stations of the MERITE-
HIPPOCAMPE cruise. Blue squares: Integrated water col-
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chlorophyll maximum layer (CML). Red triangles: values
at the surface layer (SURF). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Resemblance: $17 Bray-Curtis similarity

2D Stress: 0.15 Strata
St03 CML
m COL
¥ SURF
St15
|

almost homogenous temperature and salinity profiles. The fluorescence
profile presents values around 0.2 mg Chla m™ 2 at the surface and a
maximum value of 0.93 mg Chla m~? at 32 m (CML). Microalgae were
found at CML only. For detritus, CML biomass is comparable to COL
biomass (14.2 and 12.6 mg DW m >, respectively), whereas SURF
biomass is weak (2.8 mg DW m 3). The zooplankton biomass was twice
as high at CML (10.4 mg DW m™>) than in COL (5.5 mg DW m %) and
three times higher than in SURF (3.5 mg DW m 3). The contribution of
zooplankton taxa differed between strata (Fig. 3a—c) with the highest
percentage of crustaceans in CML (15 %), compared to SURF and COL (8
and 3 % respectively), and also in the case of appendicularians only
present in SURF (10 %).

St03 is situated offshore of Marseille Bay, above the head of the
Planier Canyon on the shelf break (Fig. 4c). The water column presents a
homogeneous temperature profile, whereas salinity has low values at
the surface. The fluorescence profile ranged between 0.08 mg Chla m 3
in SURF and 0.39 m 2 at CML (52 m). Microalgae were almost absent.
The highest zooplankton and detritus biomass values were registered in
COL (average ~ 85 m, 35 and 22 mg DW m ™3, respectively), and the
lowest values in SURF (4.1 and 0.8 mg DW m 3). Zooplankton biomass
shows a strong dominance of gelatinous organisms in all strata (42.5 %

in CML and 54.2 % in COL) (Fig. 3a-c). Crustaceans represent 30 % of
zooplankton biomass in CML but were low in COL (4.6 %) and SURF
(0.7 %).

St04 is within the Bay of Marseille (Fig. 4d). The water column
presents a homogeneous temperature profile and a shallow halocline at
6 m. The fluorescence profile presents values of 0.6 mg Chla m 2 in
SURF and a maximum of 0.83 mg Chla m™> at CML (33 m). Higher
biomass of detritus and microalgae were observed in the CML (50.5 and
30 mg DW m 3, respectively) compared to SURF and COL. Inversely,
zooplankton biomass was higher in COL (29.1 mg DW m ™3 over the 48 m
of the water column) compared to SURF and CML (26.9 and 19.6 mg DW
m 3, respectively). The zooplankton biomass was different among
strata, characterized by highest contribution of gelatinous organisms
and copepods in COL (20.3 and 74 %, respectively), whereas CML was
dominated by crustaceans (55 %), and SURF by copepods (93 %)
(Fig. 3a—c).

St09 is an offshore station in the north of the North Balearic Thermal
Front (Fig. 4e). Both temperature and salinity profiles are homogeneous,
although temperature displays a light thermocline at 22 m coire-
sponding to the CML at the bottom of a swface mixed layer. The Chla
profile shows high values (1.4 mg Chla m~) above the CML, and then



(a) % Biomass per taxa CML

X
=
[,
[
@©
£
Q0
[21]
—-—
S ~ L A O

1

~
a
R

Biomass (%)

)

]

R
i

Biomass (%)

Biomass (%)

Nauplii

. Copepods 1

Crustaceans . Gelatinous

} Chaetognaths

Fig. 3. Left column: Cumulated percentages of zooplankton taxa biomasses sampled at each station in the different strata (a) at the Chlorophyll maximum layer
(CML), with the 60 pm mesh-size Hydro-Bios nets, (b) at the surface layer (SURF) with the 60 pm mesh-size Manta net, and in the whole water column with a vertical
tow (c) of the 60 pm (COL-60) and (d) of the 200 pm (COL-200) mesh-size nets. Right column: Total biomass concentration (mg DW m~3) (e) at the Chlorophyll
maximum layer (CML), (f) at the surface layer (SURF), and for the integrated water column with (g) net 60 pm (COL-60) and (h) net 200 pm (COL-200). The colored
bars, blue, green and orange, represent the cumulated contributions to the total biomass concentrations by zooplankton, microalgae and detritus, respectively. (For

. Appendicularians

Miscellaneous

(e) Total biomass CML

104 157
__100
)
=
751
7
£ s0;
172]
w
£ 251
S
@
0-
& & 2
7 g G 2
(f) Total biomass SURF
__100
@
€
= 751
()
E 50
w
w
()
£ 251
oS
@
O_
Yy L 8N HL A2
g 9 9 9 9 G g G g g
(g) Total biomass COL-60
100
2
E
751
=
o
£ 501
w
w
£ 251
S
@ 0
S 2 FE S L8
g 9 9 9 9 9 g F & &
(h) Total biomass COL-200
100
o
e
751
3
g 501
»
8 25
£
S
@ |
S £ IS S N A2
g 95 9 9 9 G G I g &
Stations
B oetitus
B vicoaigae
-Zooplanklon

interpretation of the references to colo6r in this figure legend, the reader is referred to the web version of this article.)



(a)Sto1
Microalgae / Detritus / Zooptankton (mg OW m™)
0 5 10 15 20 25 30 35 40 45 50

Temperature (*C)
135 140 145 150 155 16.0 165 17.0 175 180
T

Depth (m)

372 374 376 378 380 382 384

(f) st10
Microalgae / Detritus / Zooplankton (mg DW m™)
0 5 10 15 20 25 30 35 40 45 S50

Temperature ("C)
13.5 14.0 14.5 150 155 16.0 16.5 17.0 175 180
[r

Depth (m)

372 374 376 378 380 382 384
00 02 04 06 08 10 12 14 186

Salinity (PSU)

(b) St 02

Microalgae / Detritus / Zooplankton (mg DW m?)
10 15 20 25 30 35 40 45 50

0 5

T
135 14.0 145 150

ature

emperature (*C)
155 16.0 16.5 170 175 180

(c) St03
Microalgae / Detritus / Zooplankion (mg DW m™%)
0 5 10 15 20 25 30 35 40 45 S0
Temperature (*C)
135 14.0 145 150 155 16.0 16,5 170 175 18.0

372 374 376 318 380 382 384

Fiu

(g)st1

Microalgae / Detritus / Zooplankton (mg DW m™*)
0 25 0

06 08

5 10 15 20

10

Salinty (PSU)

35 40 45

50

Temperature (“C)
135 14.0 145 150 155 16.0 165 17.0 175 18.0

[+

372 374 376 378 380 382 384

00 02 04 05 08 10 12 14 18

(h)St 15
Microalgae / Detritus / Zooplankton (mg DW m®)
0 5 10 15 20 25 30 35 40 45 50

Temperature ("C)
135 140 145 150 155 16.0 165 170 175 180
I T

Depth (m)

Depth (m)

Depth (m)

(d) Sto4
Microalgae / Detritus / Zooplankton (mg DW m %)
0 5 10 15 20 25 30 35 40 45 50

Temperature ("C)
135 14.0 145 150 155 160 16.5 17.0 17.5 180

7T
<

T
'
Il
.
l
'
[
[l

00 02 04 06 08 10 12 14 186

(PSU)

(i) st17
Microalgae / Detritus / Zooplankton (mg DW m)
0 15 30 45 60 75 90 105 120 135 150

Temperature ("C)
135 14.0 14.5 150 155 160 165 17.0 175 180

T H

10 [

H

'

20 '

1

'

30 '

'

[

L T

| H |

50
80
70
80
20

74 97

00 02 04

Fh

6 378

06 08

Salinity (P

1.0
'SU)

o (mpm

380 382 384

16

372 374 376 378 380 382 384
4 056 08 10 12 14 16

Saliniy (PSU)
Fluorescence (mg m

372 374 376 378 380 382 384
)4 06 08 10 12 14 18

Salinity (PSU)

Depth (m)

Depth (m)

8 8 3 8 8 58 8 B

(e) St 09
Microalgae / Detritus / Zooplankion (mg DW m™)
0 5 10 15 20 25 30 35 40 45 50

Temperature (°C)
135 140 145 150 155 16.0 165 17.0 17.5 18.0
0

Sainity (PSU)

() st19
Microaigae / Detritus / Zooplankton (mg DW m™)
0 5 10 15 20 25 30 35 40 45 50

Temperature ("C)
135 140 145 150 155 16.0 165 17.0 175 180

3

g

372 374 376 378 380 382 38
06 08 1 12 14
Salnity (PSU)

Fuorescence (mg m

Fig. 4. Vertical profiles of oceanographic variables (temperature, red line; salinity, pink line; and chlorophyll, green line) for all stations (a to j) during the MERITE-HIPPOCAMPE cruise. Biomass of microalgae (green

bars), detritus (orange bars) and zooplankton (blue bars) at the surface layer and at CML, and water col

-averaged bi

(COL: b

depth or 200 m deep to the surface) of microalgae (dotted green line), detritus

(dotted orange line) and zooplankton (dotted blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



sharply decreases down to 0.6 mg Chla m ™ ® at 39 m, and then to 0.1 mg
Chla m ? at 98 m. Very high biomass values of microalgae, detritus and
zooplankton are recorded in the CML (respectively, 2.2, 16 and 25 mg
DW m~ ). COL values (200-0 m averaged) for zooplankton and detritus
biomass are more than twice as low as at CML. Although detritus and
microalgae were negligible in SURF, SURF zooplankton was higher than
the COL value. CML is characterized by high dominance of copepods and
nauplii, with 78 and 20.3 % respectively, whereas SURF is dominated by
copepods with 96 % (Fig. 3a—c).

St10 is situated southwards of the Balearic Front (Fig. 4f). The water
column presents different strata with two thermoclines and haloclines
respectively around 15 and 30 m, and a CML between 30 and 60 m (0.4
mg Chla m ? at 42 m). Low biomasses of zooplankton, phytoplankton
and detritus were found in all strata compared to other stations. COL
presents higher zooplankton biomass (6.3 mg DW m >, on average over
the upper 180 m) compared to CML (5.2 mg DW m ™ ~) and surface (2 mg
DW m ). The detritus biomass at CML (4.2 mg DW m 3)is twice as high
as at SURF and COL. Microalgae were found only at the CML at a very
low value. Zooplankton blomass composition appears different among
strata (Fig. 3a—c). CML and COL are quite similar, with copepods
dominating the biomass (81 and 74 % respectively). However, COL is
differentiated by the contribution of gelatinous organisms and chaeto-
gnaths, with respectively 10 and 6 % of the biomass. SURF is charac-
terized by the dominance of copepods, crustaceans, and nauplii (41, 30
and 13 %, respectively).

Stl1 is situated southwest of Sardinia (Fig. 4g). The water column
presents a deep thermocline and a halocline around 88 m, and a ho-
mogeneous fluorescence profile with values between 0.1 and 0.2 mg
Chla m?, with the maximum situated at 35 m. Low biomass values of
microalgae were collected, with the highest value in the CML (1 mg DW
m ). SURF surprisingly presents high values of zooplankton biomass
(30.2 mg DW m ?), more than twice as high as CML (13.8 mg DW m ™ %)
and six times higher than COL (5.8 mg DW m ™ * averaged value over 182
m). Detritus biomass shows its highest values in COL (7.1 mg DW m™ )
compared to CML (5.4 mg DW m ), and low values at the SURF (2.6 mg
DW m ?). The zooplankton biomass presents high dominance of co-
pepods at SURF (91 %) but not at the CML (54 %) due to a high pro-
portion of crustaceans (28.3 %,), whereas in COL chaetognaths and
gelatinous organisms were other major contributors (22.3 %)
(Fig. 3a—c).

5t15 is situated on the shelf of the Gulf of Hammamet on a 100 m
depth sea floor (Fig. 4h). The vertical profiles show steps of decreasing
temperature values with depth, associated with similar steps of
increasing salinity, probably corresponding to different layers. The
fluorescence profile shows a peak between 59 and 67 m, thus above the
bottom boundary layer. Microalgae were found at the CML. The
zooplankton biomass distribution is “classical”, with the highest biomass
accumulated at the CML (13.1 mg DW m ), twice the average value of
COL (5.25 mg DW m >, over the 85 m). Detritus biomass was higher in
COL than in the CML (24.4 and 13 mg DW m >, respectively) and even
higher compared to SURF (0.97 mg DW m 7). Contributions of
zooplankton taxa to biomass presented strong differences between the
three strata (Fig. 3a—c). In CML, copepods and crustaceans dominate
with 54 and 38 % respectively, whereas only copepods almost dominate
SURF strata with 91 %. COL was characterized by the highest percentage
of gelatinous organisms and chaetognaths, 54 and 9.2 %, respectively.

5t17 is situated in the north of the Gulf of Gabes (Fig. 4i). The water
column shows a light thermocline at 23 m and a homogeneous salinity
profile. The fluorescence profile presents values of 0.02 mg Chlam * at
the surface and a regular weak increase with depth down to the bottom.
Microalgae are found at COL and CML. Comparable zooplankton bio-
masses are found in CML and COL (9.9 and 10.6 mg DW m ?, respec-
tively) whereas biomass is very weak in SURF. Very high detritus
biomass cumulates in the CML (138.6 mg DW m % in contrast with the
lack of detritus in SURF (0.35 mg DW m ™), whereas COL presented an
intermediate value. The contribution of zooplankton taxa to biomass in

the 3 strata slightly changed (Fig. 3a—c), although copepods dominate in
all three. Gelatinous organisms and chaetognaths are recorded with 6
and 5 % for the COL but disappeared in SURF. The CML was charac-
terized by a high presence of nauplii with 26 % and miscellaneous at 11
%o,

5t19 is the southern station in the Gulf of Gabes in shallow water
(Fig. 4j). A thermocline and a halocline occur around 30 m. The fluo-
rescence profile presents values of 0.11 mg Chla m ? at the surface, and
regularly increases down to the bottom 0.54 mg Chla m . Microalgae
were found at the CML. The detritus biomass at the CML (31.4 mg DW
m 2) is much higher than in COL (2 mg DW m 3) and SURF. CML
zooplankton biomass (41.6 mg DW m °) was double the biomass
measured in SURF (16 mg DW m ) and was much higher than in COL.
Copepods dominated zooplankton in all strata (Fig. 3a-—c), whereas
SURF differed by more crustaceans, CML by more miscellaneous, and
COL by more gelatinous organisms.

3.4. Zooplankton and detritus biomass in different size-fractions in the
CML

Fig. 5a shows the details of the distribution between sieved-size
fractions of the biomass (see Section 3.2 and Table 2) collected with
the Hydro-Bios net in the CML (Fig. 3e). In general, detritus were
concentrated in the lowest size fractions, and absent above 1000 pm,
and similarly, the Hydro-Bios net-retained microalgae accumulated in
the smaller fractions, mostly in fraction 60-200 pm, plus in fraction
200-500 pm for St04 and 17. In contrast, zooplankton was distributed in
all fractions with no clear pattern of dominance in a given size fraction
among the stations. When detritus and microalgae biomasses were high
in the first smaller fractions, zooplankton biomass was generally low in
the largest fractions.

The percentages of zooplankton taxa biomasses (Fig. 5b) were
dominated by copepods and nauplii in the first smaller fractions, except
at stations St17 and St19 where other plankton (miscellaneocus)
contributed substantially. At all stations, except St04, the fraction
200-500 pm was strongly dominated by copepoeds (=71 %). At many
stations, copepods still dominated the fraction 500-1000 pm (St01, 02,
03, 04, 09, 10, 19 > 80 %) and even the fraction 1000-2000 pm (St01,
02, 09, 10, 11). In the three largest fractions, crustaceans other than
copepods could heavily dominate the biomass at some stations (5t01,
02, 03, 09, 15 = 52 %), whereas at other stations, gelatinous organisms
(5t03, 10, 11, 19) and chaetognaths (St10, 11, 15) could make notice-
able contributions. Appendicularians occur at some stations (5t01, 04,
09} in the three smaller fractions, but with negligible biomass.

3.5. Comparisons of collected zooplankton and detritus biomasses in size
fractions between CML and COL

In all stations, the contribution of the fraction 60-200 pm (Fig. 6a) to
the total zooplankton biomass in COL-60 was weak, i.e., <9 %, except
<17 % for St02, the biomass being distributed mostly in the fractions
200-500 pm and =500 pm but rather unequally and without a regular
pattern between stations. The distribution patterns of zooplankton
among size classes were not always entirely similar between COL-60 and
CML (Figs. 6a and 5a), with the interesting exception of stations 5t03
and St15 where biomass concentrations increase with size-classes. It is
noticeable that the contribution of the small fraction to the zooplankton
biomass in CML was on average 2.5 times higher than in COL, and
significantly different (Table 3).

In contrast to zooplankton distributions, detritus biomass in COL-60
(Fig. 6a) is concentrated in the two first size-classes, mainly the first one
(60-200 pm), and a very low contribution for the fraction =500 pm (see
average values on Table 3). This pattern is different from that of CML
(Fiz. 5a), where the contribution of the smaller fraction to biomasses
was on average twice as low as in COL-60 (Table 2), whereas this
contribution was much higher in the fractions above 200 pm. This shift
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in contributions of the detrital material in the successive size fractions
was confirmed by significant differences between mean values (Table 3).
In COL-60, when microalgae are collected, they are mostly present in the
first class (Fig. 6a), a characteristic common with sampling in the CML.

In terms of taxonomic contributors to zooplankton biomass of COL-
60 (Fig. 6b), nauplii and miscellaneous counterbalance, and some-
times dominate small copepods in the smaller fraction (60-200 pm). The
fraction 200-500 pm is most often strongly dominated by copepods and
completed by gelatinous organisms, excepted at S5t15 where gelatinous
organisms dominate. Large copepods generally dominate the biomass in
larger fractions (=500 pm), but some stations present high contributions
of gelatinous organisms and crustaceans (St03, 10, 11, 15, and 17). The
contribution of crustaceans is high in CML both for the total biomass and
for the fractions above 500 pm. Inversely, the contribution of gelatinous
organisms (and chaetognaths at a few stations) is much higher in COL-60
than in CML. These trends are confirmed by significant differences be-
tween mean values (Table 3).

3.6. Estimated zooplankton carbon demand and nitrogenous and
phosphorous excretion

The daily carbon demand of zooplankton ranged from 0.6 to 6.9 mg
Ccm ®d! at the CML and from 0.5 to 5mg Cm > d "' in COL, with the
highest values at 5t19 for both strata (Fig. 7a—d). The mean values show
no significant difference between the two strata (paired t-test; p = 0.21).
When excluding the contribution of carnivorous forms (chaetognaths),
this ZCD represented 2.7 to 22.7 % of the phytoplankton stock per day at
the CML and between 3.1 and 25 % in COL, with no significant

difference between the mean values of the two strata (paired t-test; p =
0.29). This grazing pressure showed no clear spatial trend at the CML,
but in COL the walues were on average significantly lower at the
northern stations (St01 to St09; mean = 7.3 + 3.3 %) than at the
southern stations (St10 to St19; mean = 19.6 = 6.0 %), in association
with a parallel and significant decrease of the phytoplankton biomass
from 27.4 + 20.2 mg Cm ° in the north to 7.8 + 6.1 mg Cm ° in the
south (Mann-Whitney U tests; p = 0.036 and 0.0002, respectively).

The daily nitrogen and phosphorous excretion (Fig. 7b—e and c-f,
respectively) varied between 4 and 908 pg N m ™ * and between 0.5 and
131 pg P m?, respectively, and were not significantly different between
the DCM and COL (paired t-test; p > 0.3). The zooplankton excretion
represented a daily N and P recycling equivalent to 0.2 to 19 % of the
DIN stock and to 0 to 21 % of the DIP stock. In both cases the highest
values were found at the DCM of St01 in relation to the very high
zooplankton biomass at this level (see Fig. 4a).

The contribution of the different size fractions to the ZCD was highly
variable between stations and strata (Fig. 8). The contribution of the
smaller fraction (< 500 pm) to the ZCD is more often highly predominant
or at least comparable to that of larger fractions (500 pm), except at
5t19 for COL and at 5t03 in CML where most of the ZCD (>80 %) was
from the larger fraction (=500 pm). On average, the relative contribu-
tion of the size-fractions to the ZCD showed no significant difference
between CML and COL (paired t-test; p = 0.1).

Considering the whole size-fractions, copepods were the major
contributors to the ZCD, except in the CML at 5t04 where other crus-
taceans made an equivalent contribution (46.9 % wvs 47.3 % for co-
pepods). Other crustaceans also made an important contribution to ZCD
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in the CML at S§t15 (34.5 %) and St02 (25.4 %), whereas miscellaneous
zooplankton was numerous in the CML at 5t19 (21.9 %) and gelatinous
organisms in the COL at 5t03 (18.4 %) and St15 (28.5 %). On average,
copepods contributed significantly more to the ZCD in COL than in CML,
and the same trend was observed for gelatinous organisms and appen-
dicularians, whereas nauplii contributed more to the ZCD in CML than in
COL (paired t-test; p < 0.05). Overall, the total ZCD, and the contribu-
tion of size fractions or of taxa to this ZCD showed no clear spatial
pattern.

The contributions of size-fractions or the taxa to N and P excretion
rates were very similar to those of ZCD (i.e. similar to Fig. 8). All values
for ZCD and excretion rates are presented in the supplementary material.
4. Discussion
4.1. Overview of the spatial patterns of environmental and biological
variables during the MERITE-HIPPOCAMPE cruise

As the campaign took place over one month in the spring along a
north-south transect with 10 stations sampled, either on the way out or
on the way back, the environmental and biclogical characteristics of the
stations did not enable a clear regional spatial pattern to be obtained,
and local climatic and hydrodynamic conditions predominated over the
spatial gradients. This means that the results obtained on the biotic
compartment and ultimately in the contaminant studies must be inter-
preted in a mostly local context. Nevertheless, the present work con-
tributes to broadening the characterization of plankton and detritus
biomass distribution in the three different strata over several regions in
the Mediterranean Sea.

We could highlight some global differences between the stations
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located north and south of the Balearic front, in terms of temperature
and salinity values (see Fig. 2), in phytoplankton biomass in both COL
and CML (see Fig. 7a and d), but only for COL in zooplankton grazing
(see Fig. 7a). These patterns are probably linked to a late impact of the
deep winter convection in the Gulf of Lion in 2019, a relatively
convective and productive year (Margirier et al., 2020; Bosse et al.,
2022), in the northern part of our transect (i.e. down to the Balearic
front), whereas the generally low plankton productivity of the southern
region can be increased by long-term mesoscale features isolated from
the Atlantic current (Millot and Taupier-Letage, 2005), such as at our
stations 10 and 11 (Rwawi et al., 2023), or by the impact of Saharan dust
(Riandey et al., 2005; Felid et al., 2020; Guieu et al., 2020) such as at our
stations 10, 11 and 19 (Tedetti et al., 2023).

Some differences between coastal (St01, 03, 04, 15, 17, and 19) and
open sea stations (St02, 09, 10, and 11) in terms of detritus and
zooplankton biomasses (see Fig. 3g) could be linked in coastal stations to
resuspension of sedimentary particulate matter induced by local wind-
driven currents, and for zooplankton to limited deep vertical migra-
tion compared to open sea stations (since sampling was always per-
formed during daylight, when most zooplankton are found in deeper
water). However, the zooplankton biomass (total and in taxonomic
contribution) does not show any specific gradient from north to south
whatever the strata or the net considered (see Figs. 1b and 3). It is likely
that the small number of sampled stations, especially in oceanic areas, as
well as the long duration of our campaign de not allow identification of
large north-south patterns that have newvertheless been widely docu-
mented for zooplankton in other studies (Mazzocchi et al., 2007; Sickou-
Frangou et al., 2010; Nowaczyk et al., 2011; Saiz et al., 2014). Moreover,
these studies have also mentioned that more local hydrodynamic or
atmospheric conditions oceur in addition to these large global patterns.



Table 3

Summary of the biomass for plankton and detritus, and size fractions during the
MERITE-HIPPOCAMPE cruise. Mean and SD estimated of total biomasses for
detritus, microalgae and zooplankion and percentage for size fractions and
zooplankton taxa at CML and COL. Comparison between mean values based on
paired t-test on non-transformed and log-transformed data (with respectively
symbols * and ** for significant differences), and (1) significant but without
reaching necessary conditions.

CML COL t-Test on
difference
Mean SD Mean 5D
Detritus {mg DW m 3) 29.08 42.26 20,23 20,52
% 60-200 39.98 16.42 69,52 23.17 £ A
% 200-500 47.07 13.08 26.29 21.10 *
% =500 (n=7) 16.47 14.46 4,18 3.37 £
Microalgae (mg DW m 3 5.26 9.36 5.81 16.95
% 60-200 90.29 5.12 90.51 11.62
% 200-500 9.71 5.12 9.49 11.62
% =500 (n=7) - - - -
Zooplankton (mg DW m 3) 20.40 13.33 13.69 11.46
% 60200 13.53 B8.45 5.78 4.99 £ EE
% 200-500 42.77 27.12 43.00 21.33
% =500 (n=7) 54.22 31.58 51.22 23.50
Tetal biomass in percentage
Nauplii B8.07 8.54 3.57 2.54 (1)
Copepods 62.19 22.46 69.22 23.13
Crustaceans 17.98 18.80 3.57 2.54 £
Chaetognaths 1.35 2.19 4.01 4.65 £
Appendicularians 0.06 0.17 0.97 1.01 (1)
Gelatinous 5.49 13.09 16.04 20,79 £
Mizcellaneous 4.56 4.58 2.62 1.76
Biomass fraction 60-200 in
percentage
Nauplii 34.54 18.57 46,33 14.42
Copepods 43.94 22.87 41.57 20,67
Crustaceans 0.14 0.44 0.01 0.03
Chaetognaths - - - -
Appendicularians 0.01 0.05 - -
Gelatinous 0.74 1.65 0.86 2,39
Miscellaneous 15.33 22.03 11.23 11.44
Biomass fraction 200-500
in percentage
Nauplii 4.37 8.50 2.22 2.25
Copepods 06.26 25.66 50.64 22,14
Crustaceans 7.56 24.56 0.09 0.18
Chaetognaths - - - -
Appendicularians 0.08 0.25 1.16 1.19 (1)
Gelatinous 0.00 0.00 13.62 22,66
Misecellaneous 1.43 2.44 2.26 2,74
Biomass fraction =500 in
percentage (n=7}
Nauplii 0.02 0.04 0.03 0.04
Copepods 59.19 28.52 64.51 26.69
Crustaceans 26.26 18.14 6.87 3.35 £
Chaetognaths 3.08 3.53 5.40 10.27
Appendicularians 0.01 0.01 0.66 0.67 1
Gelatinous .51 15.79 17.40 23.83
Miscellaneous 2.94 3.41 2.13 1.73

Bold characters indicate higher significant mean values.

For each station, our study strategy enabled us to identify vertical
gradients provided that recent local climatic and hydrodynamic condi-
tions did not lead to excessive mixing (see Fig. 4). Some stations (St01,
02, 03, 10, and 15) showed a rather typical stratification with clear
vertical physical gradients and a maximum of chlorophyll, but this was
not systematically reflected in the zooplankton biomasses. For warious
reasons, other stations did not show clear stratification. Station 04 had
among the highest zooplankton biomass at the surface, probably related
to a homogenization of the water column. Very shallow coastal stations
in Tunisia showed accumulations of Chla and zooplankton in a CML just
above the bottom (S5t17 and St19). This phytoplankton biomass bulk
above the bottom where zooplankton accumulates as well is a phe-
nomenon also encountered in the Gulf of Lion (Espinasse et al., 2014).
These Tunisian coastal stations (St15, 17, and 19) did not show high
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zooplankton concentrations in the water column compared to the
northern coastal stations (5t01, 03, and 04). This may be more related to
their high detritus load than to differences in community structure when
compared to the northern coastal stations. This detritus load may be a
consequence of mixing and retention due to the high tidal currents in the
Gulf of Gabes (Bejaoui et al., 2019).

The oceanic offshore stations presented a quite different pattern for
the reasons explained below. Station 09 is located in the usual area of the
deep-convection (Margirier et al., 2020). Although it was visited at the
end of the survey (8-9 May), which was a little more than one month
after the peak of the phytoplankton bloom observed at the end of March,
it was the richest station in Chla, nitrate and silicate from the whole
MERITE-HIPPOCAMPE cruise (Tedetti et al.,, 2023). Station 09 had a
true mixed layer above the CML up to the surface, inducing higher Chla
and zooplankton concentrations in CML and SURF, compared to COL
(see Fig. 4e). Although the stratification appeared quite moderate
(almost homogeneous temperature and salinity), the high chlorophyll in
the layer 0-25 m might be due to previous steps of stratification and to
mesoscale structures in this area in this period (Rwawi et al., 2023).
Similar high zooplankton concentrations present in the upper layer in
the post-bloom phase in the deep-convection area have already been
described by Donoso et al. (2017). Station 02 is an oceanic station, sit-
uated in the broad periphery of the deep convection area (following
Donoso et al., 2017), very close to the coast but also impacted by other
different phenomena: intrusions of the northern current, hydrodynamic
processes linked to the shelf break, and coastal impacts. This station
sampled in the early phase of the cruise, under very bad weather con-
ditions, presented a clear CML, despite a homogeneous physical struc-
ture. It is separated from the open ocean by the North Current and is not
much affected by deep convection due to this natural barrier (Millot and
Taupier-Letage, 2005). Zooplankton sampling at stations 10 and 11 in
the western oceanic waters of Sardinia was performed with a time lag of
one day and occurred respectively 2 and 3 days after a dust event (22
April). The zooplankton biomass and taxonomic structure showed an
interesting contrast between these two stations, particularly with dif-
ferences in surface (Figs. 3b and f; 4f and g), which could be consistent
with zooplankton quick response to dust effect in a few days (Felin et al.,
2020). In contrast, differences in CML (Fig. 3a and e; Fig. 4f and g), not
comparable to those observed at the surface, might be rather due to an
additional specific 3D-mesoscale context of each station (Rwawi et al.,
2023) impacting the vertical structure and differentiating the SURF and
CML layers (see Fig. 4f and g), and the integrated values over the water
column appeared buffered (Figs. 3c and g; 4f and g). For the oceanic
station 11, the water column seems very homogeneous down to 90 m,
with a very low Chla maximum, and the low zooplankton biomass from
the vertical net in the upper 200 m is due to the very low biomass below
90 m. The very high value for zooplankton at the surface may be due to
enhanced productivity since a high density of copepodites stages was
observed (Makhlouf, pers. comm.).

4.2. Biological specificities of the CML

Due to the sampling strategy centered on the CML layer for mea-
surements of contaminant contents in plankton, our focus on
zooplankton characterization in the CML appears to be unique
compared to previous regional studies in the Mediterranean Sea.
Zooplankion net sampling is usually carried out by vertical net tows in
the epipelagic zone (0-200 m) or just under the surface layer when
studying the hyponeuston. These two types of sampling were also car-
ried out during the MERITE-HIPPOCAMPE cruise to allow better char-
acterization of the CML by comparisens with other strata.

At the scale of the basin, this comparison shows first of all an accu-
mulation of detritus most often occurring at the CML, whereas SURF
always presented the lowest detritus loads (see Fig. 4). Sometimes the
CML was also a layer of accumulated microphytoplankton, mostly chain-
aggregated and/or linked to detritus e.g. station 04 (see Fig. 4d). Among
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all stations, zooplankton biomass was on average higher at the CML than
in COL and SURF (respectively 1.5 and 1.7 times higher), but the dif-
ferences between the 3 strata were not statistically significant due to
very high variability. According to the stratification and the intensity of
the chlorophyll peak around the identified CML in each station profile,
we can indeed distinguish 4 cases: (1) no accumulation of zooplankton
at the CML when the peak is not well-formed (St04, 11, and 17), (2)
accumulation of zooplankton at the CML when the peak is well-formed
(5t01, 02, 15, and 19) but also (3) no accumulation despite a well-
formed peak (St03 and 10), and finally (4) the case of station 09 is a
bit different with a high concentration of zooplankton at the CML but
with a 0-25 m layer quasi-uniformly rich in Chla.

Our observations were not dedicated to the fine characterization of
vertical profiles of phytoplankton, marine snow, and zooplanktonic
groups, as shown in recent studies such as those described by several
authors (e.g. Moller et al., 2012; Lombard et al., 2019; Briseno-Avena
et al., 2020} using combinations of video sensors and net hauls enabling
correlation of the aggregation layers to detrital and planktonic particles.
However, our observations can be analyzed in the light of patterns
described in these articles. Accumulation of detritus (marine snow) and
large phytoplankton the most often slightly below the CML has been
already documented in many situations. Very often, accumulation of
zooplankton occurred as well (Nowaczyk et al., 2011; Moller et al.,
2012; Espinasse et al.,, 2014; Saiz et al., 2014; Fender et al., 2019;
Briseno-Avena et al.,, 2020), but was quite variable between taxa as
shown by video observations (Moller et al., 2012; Briseno-Avena et al.,
2020). In particular the aggregation of nauplii, copepodites and small
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copepods at the CML was already described during the stratification
period in the Mediterranean (Alcaraz, 1985, 1988; Alcaraz et al., 2007;
Sabatés et al., 2007, 2008; Olivar et al., 2010; Nowaczyk et al., 2011;
Saiz et al., 2014), showing that this chlorophyll-rich layer constitutes a
favorable habitat for the reproduction of copepods, particularly in
oligotrophic conditions, where the CML can be considered as an “oasis™
to sustain secondary proeduction (Saiz et al., 2014). The high biomass of
crustaceans recorded in the CML (mainly euphausiids larvae) may be
explained by an adaptation of their vertical migration to track the most
favorable trophic conditions, as reported in several studies (Sameoto,
1986; Guglielmo et al., 2011; Granata et al., 2020).

Inversely, gelatinous filter feeders (appendicularians, salps and
doliolids) seem to avoid the CML, in agreement with many previous
observations (Fenaux, 1968; Paffenhofer et al.,, 1991; Briseno-Avena
et al., 2020). In this layer, these filter-feeders might be disturbed by high
accumulation of detritus and large algal cells leading to a decline in food
quality (Lopez-Urrutia et al., 2003) and/or to house clogging in the case
of appendicularians (Tiselius et al., 2003; Felit et al., 2020). The low
abundance of chaetognaths and (presumably) of other gelatinous
carnivorous organisms at the CML is rather surprising because we might
have expected to high concentrations of these carnivorous organisms at
a level where the stock of zooplankton prey would be more abundant.
This could be related to day-night migration strategies, where these
groups would be present in deeper waters during the day, thus avoiding
larger predators (Granata et al., 2020). Their scarcity in our Hydro-Bios
samples could be also linked to their active swimming out of the capture
path of the net probably favored by a quicker net clogging compared to
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the vertical net (Sameoto et al., 2000).

Such aggregation of matter and plankton linked to the CML has
relevant implications for the functioning and structuring of the pelagic
food web in the Mediterranean (Saiz et al., 2014). In our study, the high
biomass of zooplankton over a wide size spectrum (from nauplii to large
crustaceans) and its intense metabolic activity shown by high ZCD and
excretion values are signs of increased trophic fluxes at this level. High
densities of larvae of small pelagic zooplanktivorous fish such as an-
chovy have been reported as well (Sabates et al., 2007, 2008; Olivar
et al., 2010), showing the importance of CML for the trophic transfer of
matter and contaminants towards higher trophic levels.

4.3. Characterizing the biota in size fractions to interpret biogeochemical
and contaminant fluxes

The first characteristic of our Hydro-Bios samples is the high pro-
portion of detritus, mainly in the size-fractions below 500 pm at all
stations. Thus, the interpretation of contaminant levels in these fractions
must be done cautiously to take account of a potential bias linked to
these detritus content which may have various (mineral or organic)
origins. In this paper, we have not gone into a detailed description of the
nature of the detritus particles. These detritus probably have different
sources and compositions in the coastal zone (resuspension of inorganic
and organic particles from the sediment in addition to pelagic produc-
tion of detritus particles) and the offshore zone (pelagic detritus parti-
cles to which may be added particles from atmospheric inputs). As
mentioned in Section 4.2, patterns of vertical distributions of detrital
particles which accumulate below the productive layer in the water
column have already been well documented. This may have conse-
quences for the biogeochemical cycles of contaminants and their accu-
mulation/transfer processes in planktonic food webs in the
Mediterranean Sea. Firstly, suspended particles (microphytoplankton
and detrital particles) represent active surfaces for the adsorption and
absorption of hydrophobic contaminants (Castro-Jimenez et al., 2021).
Secondly, these suspended particles are also the site of intense m.lcroblal
activity (Dolan and Marrase, 1995; Azam and Long, 2001) which can
certainly play a role in the accumulation and transfer of contaminants

(da Fonseca et al., 2022; Chifflet et al., 2023), some components of
which, such as ciliates, are known to be the preferred prey of meso-
zooplankton (Saiz and Calbet, 2011). And thirdly, a large part of these
particles will sink (depending of their size and shape) and will export
matter and contaminants into deeper layers (Bouloubassi et al., 2006;
Bacosa et al., 2020) potentially integrated in the mesopelagic food-web
(Romero et al., 2018). In the case of our MERITE-HIPPOCAMPE cruise,
the fractions below 500 pm were much more impacted by detritus and
microalgae at St04 and 5t17 (=90 %) than at St01 and St09 (50 %),
which clearly induced differences in biochemical compositions (see Fig.
3 in Tesan-Onrubia et al., 2023 and Fig. 3 in Guigue et al., 2023) and
contaminant levels (see Fig. 5a,c in Guigue et al., 2023; see Table 54 in
Chifflet et al., 2023).

The second characteristic concerns the trophic types of the dominant
zooplanktonic species within the two smallest fractions (60-200 and
200-500 pm) which modulate the associated impacts on estimate fluxes.
In MERITE-HIPPOCAMPE, when these fractions presented zooplankton
biomass dominated by herbivorous and omnivorous types (small co-
pepods and nauplii, or small pteropods), they showed isotope ratios
8'3C/8'"°N confirming a trophic level around 2 (Tesan-Onrubia et al.,
2023), relatively higher trophic fluxes (our Figs. 5 and 7) and contam-
inant contents (see Fig. 5c in Guigue et al., 2023; see Fig. 2 and Table 54
in Chifflet et al.,, 2023), such as for stations St01, 04, 09, and 19. This key
role of herbivorous zooplankton in contaminant transfer has been
already demonstrated in high latitude ecosystems where a few species
massively dominate (e.g. Foster et al., 2012).

The third characteristic concerns the large fractions. First, the sam-
pling of these fractions in our study was certainly impacted by clogging
with detritus and microphytoplankton, favoring net avoidance of large
organisms, and inversely explains their higher proportion for stations
with low biomasses of detritus and microphytoplankton (e.g. St03).
Moreover, it is also crucial to define the dominant trophic types in
planktonic fractions =500 pm. During MERITE-HIPPOCAMPE, these
fractions were either marked by the presence of typical carnivores,
mainly chaetognaths, hydromedusae and siphonophores (5t03, 10, 11,
see Fig. 5b), or the presence of large crustaceans dominated by eu-
phausiids and decapods (5t01, 02, 09 and 15). Increased proportions of
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carnivorous zooplankton in largest size fractions compared to smallest
fractions (<500 pm) strongly dominated by herbivorous/omnivorous
organisms, were already reported in the Gulf of Lion (Espinasse et al.,
2014) and in the Bay of Marseille (Tiano et al., 2014). It is noticeable
that ZCD and excretion rates calculated for 5t03, 10 and 11 were the
lowest, linked to the lower weight specific-rates of the larger organisms.
This increased proportion of carnivorous forms in the two largest frac-
tions agree with the trophic level (TL) derived from isotopic analyses on
the same fractions (Tesan-Onrubia et al., 2023); mean TL around 2.5,
with highest values also found at St10 and 11 (TL of 3.6 and 2.8,
respectively), suggesting a high proportion of secondary consumers.

Taxonomic determination by very large groups would merit being
further refined, especially for copepods whose trophic characteristics
vary from pure herbivory te carnivery (Kouwenberg, 1994; Espinasse
et al., 2014), and gelatinous plankton, which covers very different tro-
phic groups, from large herbivorous filter feeders (salps, doliolids) to
carnivores (jellyfish, siphonophores, ctenophores).

5. Conelusion

The choice of sampling in the CML for this study regarding the role of
plankton as a contaminant pump was guided by the aims of (1) col-
lecting a high biemass of plankton from the same location to measure
levels of a wide range of contaminants, and over a broad spectrum of
planktonic size fractions, and (2) being located in an important area for
pelagic trophic interactions in both the coastal and marine areas. The
present paper has characterized the nature of the particles and
zooplankton collected by the nets at depth and demonstrated the simi-
larities and differences of this planktonic community to that of the water
column.

The different distribution patterns of planktonic biomass encoun-
tered among the different stations during the MERITE-HIPPOCAMPE
campaign should make it possible to compare contrasted situations of
the accumulation or not of contaminants in the planktonic food web
according to the pattern of these distributions.

By looking at the different size fractions of zooplankton that reflect
different trophic levels (Tesan-Onrubia et al., 2023), we have shed new
light on the processes of accumulation (or not) of contaminants,
particularly in relation to studies where the zooplankton is either taken
as a whole (Battuello et al., 2016, with the whole of the zooplankton
caught by a mesh size net of 300 pm) or based on particular taxa but
requiring their selective collection (Ndah et al.,, 2022). The method
described in this paper, which characterizes successive fine size classes,
provides an additional dimension for understanding the functioning of
planktonic food webs in contaminant accumulation processes.

Data availability

All data from the MERITE-HIPPOCAMPE cruise
(doi:10.17600,/18000900; Tedetti and Tronczynski, 2019) is stored in
the MISTRALS-SEDOO database (https://mistrals.sedoo.fr/MERITE/)
and will be made publicly accessible once all the articles related to the
cruise are published in the present special issue. In the meantime, data
can be obtained upeon request from the corresponding author. In addi-
tion, navigation data and CTD profiles from the MERITE-HIPPOCAMPE
cruise are available via the IFREMER/SISMER database (https://data.
ifremer.fr/SISMER).
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