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Biogeographical and seasonal
distribution of pteropod
populations in the western and
central Mediterranean Sea
inferred from sediment traps
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and Andrés S. Rigual-Hernández1

1Área de Paleontologı́a, Departamento de Geologı́a, Universidad de Salamanca, Salamanca, Spain,
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3CEFREM, CNRS - Université de Perpignan Via Domitia, Perpignan, France, 4GRC Geociències
Marines, Departament de Dinàmica de la Terra i de l’Oceà, Universitat de Barcelona, Barcelona, Spain
Pteropods are a group of cosmopolitan holoplanktic gastropods that produce an

aragonite shell and play an important role in both marine ecosystems and

geochemical cycles. In addition to being affected by anthropogenic impacts

that include warming and changes in carbonate system parameters, the

Mediterranean Sea is considered to be understudied concerning pteropods

dynamics and abundances. This work aims to document the modern spatial

and temporal distributions of pteropods populations in the Northwestern and

Central Mediterranean Sea (Gulf of Lions and Strait of Sicily), respectively. We

present data from two sediment-trap records that cover the timeframe between

early 1996 and early 2004 for the Gulf of Lions and late 2013 to late 2014 for the

Sicily Strait. A total of 843 pteropod shells and 18 different species were identified.

Limacina inflata, Creseis virgula and Creseis clava were the most abundant

species in the Gulf of Lions, while in the Sicily Strait, C. conica replaced C.

clava as themost abundant species. These taxons represented around 70% of the

total individuals identified in both sites. Overall, our results suggest a greater

pteropod abundance in the Gulf of Lions than in the Sicily Strait, most likely due

to enhanced food conditions. In the Gulf of Lions, maximum fluxes occurred in

autumn (32.5% of the annual pteropod fluxes registered in October), while in the

Sicily Strait peak fluxes occurred in winter (30.5% of the annual pteropod fluxes

registered in January). Comparison of temporal changes pteropod fluxes with

satellite sea surface temperature (SST), and chlorophyll-a concentration suggest

a possible positive effect of high algal accumulation and cool water conditions in

the Strait of Sicily on the main pteropod groups. In turn, no clear relationships

between pteropod groups, SST and chlorophyll-a were identified in the Gulf of

Lions, highlighting the effect of salinity and carbonate system parameters.
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Overall, and despite the limitations associated with the use of sediment traps for

pteropod population monitoring, the consistency of our results with the

literature supports the use of sediment traps as useful tools for documenting

the diversity and temporal distribution of pteropods.
KEYWORDS

pteropods, Limacina inflata, Heliconoides inflatus, seasonal variations, time series,
Mediterranean Sea, sediment trap
1 Introduction

Pteropods are a group of holoplanktic opisthobranch

gastropods found in all regions of the global ocean (Bednarsěk

et al., 2012a). Adapting their gastropod foot into a wing-type

parapodia allows them to be active swimmers and have a pelagic

life cycle (Lalli and Gilmer, 1989). Thecosome pteropods produce a

shell made of aragonite, a calcium carbonate polymorph. From a

biogeochemical point of view, as marine calcifiers, pteropods

contribute between 10% and 42% of the total CaCO3 flux

worldwide depending on the zone of the world’s ocean

(Bednarsěk et al., 2012b; Berner and Honjo, 1981). Recent work

showed that their calcification process is a non-negligible

contributor to the regulation of the Carbonate Counter Pump

(CCP) strength (Manno et al., 2018). From an ecological
02
perspective, pteropods represent an important food source for a

wide variety of carnivorous zooplankton, different fishes such as

salmon or mackerel and bigger predators like seabirds and whales

(Lalli and Gilmer, 1989; Aydin et al., 2005; Hunt et al., 2010).

Therefore, pteropods play a fundamental role in both the marine

biogeochemical cycles and ecosystems.

The Mediterranean Sea (Figure 1A) is an elongated and semi-

enclosed sea characterized by a negative hydrological balance (the

evaporation exceeds the freshwater inputs). It has been described as

both calcite and aragonite supersaturated (W>>1) (Álvarez et al., 2014)
and is overall considered to be an oligotrophic to ultra-oligotrophic sea

in its easternmost basins (Krom et al., 2005; Schroeder et al., 2010;

Huertas et al., 2012). A study from Lazzari et al. (2014) stated that sea

surface temperatures (SSTs) warming in theMediterranean exceeds the

global trend (1.5-2°C increase by 2100). pH is expected to vary
B
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FIGURE 1

(A) Geographical situation of the Mediterranean Sea and the two studied sites (orange and red rectangles). (B) Geographical situation and bathymetry
of the GoL and the location of the Planier sediment trap (orange diamond). (C) Geographical situation and bathymetry of the SS and the location of
the C01 sediment trap (red diamond). The topographic model was downloaded from the GEBCO database.
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Béjard et al. 10.3389/fmars.2024.1346651
according to the global average in the coming decades (a 0.3-0.4 unit

decrease by the end of the century; Hassoun et al., 2015). Moreover, the

fast turnover of its waters (Bethoux et al., 1999) and rapid

anthropogenic CO2 penetration (Schneider et al., 2007; Hassoun et

al., 2022) makes it a sensitive part of the global ocean to increasing

atmospheric CO2 (Ziveri et al., 2012).

The Gulf of Lions (GoL) is located in the northwestern part of

the Mediterranean Sea (Figure 1B). In terms of nutrient

distribution, the GoL can be considered an exception to the

general oligotrophy of the Mediterranean Sea. During winter,

strong northern winds induce dense water formation and the

deep mixing of the upper water column both in the shelf and

offshore, which enriches the surface layer with nutrients (Houpert

et al., 2016; Kessouri et al., 2018; Many et al., 2021). Enhanced solar

radiation during spring and summer causes stratification of the

surface layer, leading to a nutrient depletion by phytoplankton that

lasts until late summer, then autumn cooling brings down the

stratification and sets a fall bloom (Heussner et al., 2006;

Rigual-Hernández et al., 2013).

The Sicily Strait (SS) is located in the central part of the

Mediterranean (Figure 1C). It is the sill that separates the western

and eastern Mediterranean basins, which highlights its importance

regarding the overall basin trophic regimes (Siokou-Frangou et al.,

2010). The SS water column is affected by different water masses

(Béranger et al., 2004) and its surface circulation presents a high

seasonal variability. During winter and spring, Atlantic and western

basin water masses dominate the surface circulation. During

summer and fall, eastern basin waters dominate the surface

circulation (Robinson et al., 1999; Lermusiaux and Robinson,

2001; Béranger et al., 2004) which results in an increased

water mixing.

It has been described that pteropods abundance accounts for 1%

to 6.6% of the Mediterranean zooplankton community (Fernández

De Puelles et al., 2007; Siokou-Frangou et al., 2010; Granata et al.,

2020). Few studies have focused on pteropod dynamics and their

response to climate change in this part of the global ocean (Wall-

Palmer et al., 2014; Manno et al., 2019; Johnson et al., 2023),

therefore, it is generally accepted that there is a gap in pteropods

research in the Mediterranean Sea (Hassoun et al., 2015; Bednarsěk

et al., 2016). However, the composition and temporal dynamics of

pteropod populations in the northwestern and central

Mediterranean Sea have never been documented. Therefore, this

work aims to improve the current knowledge about the thecosome

pteropods populations in recent years in both the GoL and the SS.

For this purpose, we analyzed pteropods abundances and fluxes on

an interannual and seasonal scale in samples collected by two

moored sequential-sampling sediment traps deployed in the GoL

and the SS (Figures 1B, C). Previous work in the Mediterranean

(Hernández-Almeida et al., 2011; Rigual-Hernández et al., 2012;

Avnaim-Katav et al., 2020) and across all major oceans [Southern

Ocean: Manno et al. (2007); Howard et al. (2011); Roberts et al.

(2014), North Atlantic: Rebotim et al. (2017), North and Central

Pacific: Eguchi et al. (1999); Arabian Sea: Chernihovsky et al.

(2018)] have used sediment traps in order analyze the

zooplankton dynamics as well as the ecology and calcification on

different time scales (Moy et al., 2009; Aldridge et al., 2012; Makabe
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et al., 2016). In that regard, sediment traps have been proven as a

reliable tool to document the composition and seasonality of

different zooplankton groups (Boltovskoy et al., 1996; Willis et al.,

2008; Sampei et al., 2012; Matsuno et al., 2014). For pteropods

phenology and population dynamics, net sampling or plankton

tows are more widely used (Anglada-Ortiz et al., 2021, 2023; Beare

et al., 2013; Loeb and Santora, 2013) than sediment traps (Oakes

and Sessa, 2020); as these organisms might actively swim into the

cups and can be considered an artefact generated by the presence of

sediment traps that may bias total mass calculations (Buesseler

et al., 2007). However, comparisons between net and sediment traps

have demonstrated a close correlation between the assemblages

collected by these two methods (Almogi-Labin et al., 1988; Makabe

et al., 2016; Weldrick et al., 2021). In addition, previous work on

pteropods collected from a sediment trap (Forbes et al., 1992)

compared the pteropod’s seasonal distribution with the sea ice

cover, allowing to document the pteropods populations in remote

regions where regular net sampling is not possible. Then, the

advantages of sediment traps are: (i) an efficient tool to provide

insights into pteropod populations in open ocean environments

over extended periods (Almogi-Labin et al., 1988; Grossman et al.,

1986; Mohan et al., 2006; Roberts et al., 2014); (ii) they can provide

datasets that document the seasonality due to their constant

sampling, therefore they can register reliable data concerning

annual fluxes (Jonkers et al., 2019). Overall, this represents an

advantage compared to shipboard observations that only capture a

snapshot of local conditions.

The collection intervals presented here cover eight years (March

1996 to January 2004) for the GoL and one year for the SS

(November 2013 to October 2014). Overall, results indicate a

higher pteropod abundance in the GoL, a similar assemblage

composition and dominant species between the two sites yet a

displaying distinct seasonal patterns. In addition, we compare the

seasonal and interannual patterns of pteropod fluxes with

chlorophyll-a and sea surface temperature satellite data and a

suite of environmental parameters from the DYFAMED site,

located in the Ligurian Sea, in an attempt to identify the

drivers that affect the pteropod populations in the NW and

Central Mediterranean.
2 Materials and methods

2.1 Sediment traps

Planier sediment trap (43.02°N, 5.18°E) is part of a series of

mooring lines deployments in the GoL continental margin that

started in 1993 from both French and European projects (PNEC,

Euromarge-NB, MTP II-MATER, EUROSTRATAFORM) (see

Heussner et al. (2006) for further details). Planier mooring site is

still serviced annually as part of the MOOSE program

(Mediterranean Ocean Observing System for the Environment)

(Coppola et al., 2019). This sediment trap is located in the axis of

the Planier Canyon (Figure 1A) at 530m water depth in a water

column of ~1000m. Detailed mooring line equipment, design and

preparation can be found in both Heussner et al. (1990, 2006). The
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sampling interval was every 14 days until early 1997 when it was set

at 1 month. The mooring lines were maintained and serviced every

6 months (Heussner et al., 2006). Here, we present data from

sediment trap samples collected by the Planier sediment between

January 1996 and January 2004.

The C01 sediment trap was deployed in the mooring line

maintained by ISMAR-CNR in the Sicily Channel (37.38°N,

11.59°E) thanks to the TransNational Access activity in the FP7

JERICO project (Mediterranean sediment Trap Observatory). This

mooring line was equipped with a sediment trap located 413m deep

in a water column of around 450m. Due to the vicinity of the trap to

the seafloor, particular attention was paid to the identification of

resuspended sediment, and although these particles were not

frequent, we cannot completely rule out this phenomenon. The

sampling period was 15 to 16 days from November 2013 to July

2014 and from September 2014 to October 2014, the timespan

between July 2014 and September 2014 had a sampling period of 31

days. Here we present data from the full sampling period.

Both mooring lines sediment traps were a sequential-sampling

Technicap PPS3/3 model, conical in shape with a 2.5 height/

diameter ratio and equipped with 12 sampling cups. Before

deployment and to limit the degradation of the material caught,

sampling cups from both mooring lines were filled with a 5%

formalin solution prepared with 40% formaldehyde mixed with 0.45

mm filtered seawater. The solution was then buffered with sodium

borate to keep the pH stable and avoid the dissolution of carbonate.

Only the samples from the C01 sediment trap were available for pH

measurements, which showed results comprised between 7.7

and 7.9.
2.2 Sample processing

The buffered sediment trap samples of the Planier and C01 traps

were divided into subsamples with a rotary splitting method

(Heussner et al., 1990). Before the subsampling, zooplankton

individuals bigger than 1 mm were wet-sieved through a 1mm

mesh and manually removed.

Concerning the Planier sediment trap samples, aliquots were

used, mainly 1/8 but also 1/3, 1/5, 1/10 and 1/16 on the base of the

amount of material recovered in the original bottle. These samples

were then wet-sieved with a phosphate-buffered solution (pH=7.5)

through two mesh sizes (63 and 150 mm) and left to dry at ambient

temperature. More details on sample preparation can be found in

Rigual-Hernández et al. (2012).

On the other hand, C01 sediment trap samples consisted

uniquely of 1/6 aliquots of the original bottle. Samples were wet-

sieved according to the same size-fractions previously described and

the same phosphate buffered solution was used.

A total of 165 samples from the Planier sediment trap and 19

from the C01 sediment trap were analyzed for characterization and

quantification of pteropod assemblages. No further splits were

applied and the whole available material was analyzed. Overall,

pteropods were identified in 20 and 15 samples from Planier and

C01 sediment traps respectively.
Frontiers in Marine Science 04
2.3 Pteropods picking and identification

We identified, counted and analyzed all the individuals as >63 mm,

a fraction considered representative of the overall pteropod

populations (Beccari et al., 2023). Most of the shells encountered

were in a good enough preservation state to be identified to the species

level (Figure 2), however, a few specimens appeared to be broken.

Overall, no signs of partial dissolution were observed and the

preservation state of the identified individuals was similar between

the Planier and C01 sediment traps. This is in agreement with

previous pteropod work with sediment trap samples (Oakes and

Sessa, 2020). Identification was carried out following the taxonomic

concepts of Bé and Gilmer (1977). Empty shells were differentiated

from the shells including the soft body tissue. We theorize that empty

shells were the product of successful attacks by their main predator

Clione limacina (Böer et al., 2005), even though this organism has not

been identified in our samples; while soft-body preserved individuals

are either considered swimmers (Hamner et al., 1975) (organisms that

actively swim onto the trap) or carcasses (a result of natural mortality)

(Knauer et al., 1979; Michaels et al., 1990; Lischka et al., 2011).

Pteropod fluxes were calculated according to the following

formula:

Flux (ind : x m−2 x d−1) = (N  x Aliq :−1  x D−1) x 0:1256−2

Where “N” stands for the number of pteropods individuals,

“Aliq.” is the aliquot of the sample analyzed, “D” represents the

number of days the sediment trap cup stayed open and “0.1256” is

the surface (in m2) of the PPS3/3 sediment trap model.

Finally, as stated previously, the C01 sediment trap is located

around 30m from the sediment floor. In order to quantify the effect

of resuspended material, the benthic foraminifera (unicellular

protists that produce a calcareous shell and live in the close

vicinity of the seabed sediment) were also counted (see

Supplementary Data).
2.4 Environmental data

Satellite datasets were used for both sites concerning the

chlorophyll-a, an indicator of algal biomass concentration, a

possible food source for pteropods (Schiebel et al., 2001); and the

SST, an indirect indicator of the water column stratification. Data

was downloaded according to the maximum resolution available for

both areas and using the same gridding around each area studied.

For the GoL site, chlorophyll-a data was obtained from

SeaWiFS monthly derived concentrations from September 1997

to March 2004 (Rigual-Hernández et al., 2012). SST data was

downloaded from the NOAA database with a 0.2x0.2° gridding

around the mooring location. In addition, factors such as salinity

and carbonate system parameters were retrieved from the

DYFAMED database (Coppola et al., 2023), located in the

Ligurian Sea and considered a representative site for the seasonal

and interannual variability of the water column properties in the

NWMediterranean (Heussner et al., 2006). For the SS, the SST (°C)

and chlorophyll-a (mg m-3) datasets were obtained from MODIS
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L3m satellite through NASA’s Giovanni program with an 8-day and

4 km resolution. Data was also retrieved on a 0.2x0.2° area around

the mooring location. However, no in-situ measurements were

available for neither the nutrients or the carbonate system

parameters for the SS, making any comparison between the two

studied sites unreliable in regard to the influence of environmental

parameters others than the SST and the chlorophyll-a.
2.5 Statistical analysis

Concerning the statistical analyses, the descriptive analysis such

as the mean, medians and standard deviation have been carried out

with the Past4 program. The satellite and DYFAMED data

described previously have been resampled to have uninterrupted

reliable monthly environmental values. The resampling was carried

out every 7 to 10 days with the QAnalySeries programme.

Spearman correlation analyses (Table 1) were calculated with the

Past4 program and a p< 0.05 was used to consider a correlation as

significant. The environmental parameters considered in the

correlation analyses were the SST, chlorophyll-a, but also

carbonate system parameters downloaded from the DYFAMED

database. Finally, a detrended canonical correspondence analysis

(dCCA) was also used to estimate the influence the environmental

variables on the pteropod populations. A CCA is a correspondence
Frontiers in Marine Science 05
analysis of a species matrix where each site has given values for one

or more environmental variables and it is considered an example of

direct gradient analysis, where the gradient in environmental

variables is known and the species abundances/fluxes are

considered to be a response to this gradient (Nielsen, 2000).
3 Results

3.1 Composition of pteropod assemblages
collected by the traps

A total of 784 pteropod shells were counted from the GoL

record and 59 from the SS.

18 different species were identified and grouped under three

categories based on their morphology and ecology: Limacinidae

(Limacina inflata (Heliconoides inflatus), L. bulimoides, L.

trochiformis, L. retroversa and L. lesueurii), Cavoliniidae Creseis

(Creseis virgula/Cavolinia inflexa, C. conica, C. convexa, C. clava

and Clio cuspida) and Cavoliniidae and minor taxa (Styliola subula,

Atlanta selvagensis, Peracles molusccensis, P. diversa, Firoloidea

desmarestia and A. turritella/bruna). 17 and 12 species were

identified in the GoL and SS records, respectively.

The most abundant species in both sites was L. inflata

(Figure 3A), which represented 39.4% of the total pteropods
TABLE 1 Correlation matrix (see section 2.5) between the pteropod fluxes from the GoL and the satellite data (chlorophyll-a and SST) and the
DYFAMED site data (nitrates concentration, salinity and WAr).

Chl-A SST (°C)
[NO3]

(mmol/kgSW)
Salinity
(PSU)

WAr

Total pteropods (ind m-2 d-1) -0.260 0.090 -0.105 -0.650 0.681

Limacinidae (ind m-2 d-1) -0.284 0.080 -0.089 -0.714 0.656

Cavoliniidae (ind m-2 d-1) -0.227 0.129 -0.140 -0.541 0.657

Minor taxa (ind m-2 d-1) -0.236 -0.012 0.039 -0.700 0.636
Significant correlations (p<0.05) are set in bold.
FIGURE 2

Photographs of the most abundant pteropod shells identified in this study: Limacina inflata, Creseis virgula and Creseis clava shells (from left to right)
collected by the Planier sediment trap.
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from the GoL and 49.1% from the SS, respectively. C. virgula

was the second most abundant taxon, representing 16%

(Figure 3B) of the pteropods from the GoL and 11.9% from the

SS (Figure 3C). The third most abundant taxon was C. clava in the

Gulf of Lions, representing 13.5%. In the SS, C. conica was the third

most abundant species, accounting for 11.9%. Other species

included C. conica (6.9%), C. convexa (5%) and F. desmasrestia

(4.9%) in the GoL; and L. trochiformis (8.5%) and C. clava (6.8%) in

the SS. The remaining species abundances were below 5% in

both sites.

Limacinidae aggrupation was the most abundant, with 47.1%

and 61% of the total pteropods in the GoL and the SS, respectively.

Cavoliniidae Creseis type displayed 42.1% in the GoL and 32.2% in
Frontiers in Marine Science 06
the SS. Finally, other Cavoliniidae and minor taxa reached 10.8% in

the GoL and 6.8% in the SS.
3.2 Differences between empty and soft-
body preserved specimens

As empty pteropod shells are considered the product of

successful predation and soft-body preserved can either be

considered carcasses or active swimmers, soft-body preserved and

empty pteropod shells were differentiated (Figure 4).

In the GoL, our results showed that empty shells represented

between 0 and around 60%, with a mean value of 38% (Figure 4A),
A

B

C

FIGURE 3

(A) Total relative abundance (%) of the different species identified across all samples, (B) relative abundance (%) for all the samples with pteropods
from the GoL (Planier) and (C) relative abundance (%) from the SS (C01). Note that the period covered differs between the GoL and the SS [further
details about the aliquots can be found in (Heussner et al., 2006; Rigual-Hernández et al., 2012)].
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highlighting a dominance of soft-body preserved individuals.

However, no clear seasonal or interannual pattern in the amount

of empty shells has been detected here.

Concerning the SS, the empty shells accounted between 0 and

50% of all shells identified, while the mean value was 31%

(Figure 4B. Overall, the soft-body preserved individuals

dominated the assemblage here. Few samples displayed 100%

soft-body preserved shells, however, those samples only presented

1 to 2 individuals (Figure 3C). No clear seasonal or interannual

pattern in the proportion of empty shells was detected.
3.3 Magnitude, seasonality and
composition of pteropod shell fluxes

The seasonality of the total and species pteropod fluxes collected

by the traps differed between the GoL and the SS (Figure 3).

In the GoL, the average year derived from the eight-year record

(Figure 5A) indicates that total pteropod fluxes (i.e. total flux is the

sum of empty shell and shell including the soft body) exhibited

maximum values between October and January and minima

between May and August. In particular, October was the month

with the highest fluxes (355 ind m-2 d-1, ± 152 ind m-2 d-1) followed
Frontiers in Marine Science 07
by December (232 ind m-2 d-1, ± 9 ind m-2 d-1) and November (202

ind m-2 d-1, ± 115 ind m-2 d-1). This corresponded to 32.6%, 21.6%

and 18.3% of the annual total pteropods flux, respectively. The

seasonality of both soft-body preserved and empty flux followed a

similar trend to that of total pteropod flux (Figure 5A). No

pteropods were identified during February, April, June and July.

During the months of higher fluxes, Cavoliniidae Creseis type

aggrupation relative abundances were higher, however,

Limacinidae aggrupation generally dominated the samples

(Figure 5A). In terms of the annual flux-weighted shells fluxes

collected by the trap composition, although the Limacinidae group

was the most abundant, representing 47% (± 15%) of the

assemblage, the Cavoliniidae Creseis type represented a similar

42% (± 18%) while the Minor taxa represented 15% (± 9%). Note

that the average year higher and lower pteropod fluxes from the

GoL did not display any coincidence with either chlorophyll-a or

SST maximum values (Figure 5A).

In the SS, higher fluxes values were reached in the winter and

spring periods of 2013, while the summer of 2014 displayed the

lowest fluxes values (Figure 5B). Maximum fluxes were recorded

between January and April and minima between August and

November. The highest total shell fluxes were collected during

January (55 ind m-2 d-1), April (31 ind m-2 d-1) and March (24 ind
A

B

FIGURE 4

Comparison between soft-body preserved shells (full) and empty shells (%) in each sample in (A) the GoL and (B) the SS. The last column in each
graphic represents the mean value from the corresponding studied site.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1346651
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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m-2 d-1). This translated into contributions of 30.5%, 15% and

13.5% of the seasonal total pteropods fluxes respectively. Both soft-

body and empty shell fluxes followed a similar pattern to that of the

total pteropod fluxes (Figure 5B). September and November were

the only months in which no pteropods were found. In terms of

species assemblage composition, the Limacinidae group dominated

the populations representing 61% (± 28%) of the annual

assemblage, followed by the Cavoliniidae Creseis type that

accounted for a mean 32% (± 20%) and the minor taxa, which

represented a mean 7% (± 12%). The only exception to this trend

occurred in June and December when the three groups exhibited

similar contributions to the total pteropod flux. Interestingly, higher

pteropods were displayed coincidently with higher chlorophyll-a

concentrations and cooler SST conditions (Figure 5B).

Note that, although the timeframe between the two studied sites

differs and there is no overlap in the studied years, the total

pteropod fluxes recorded in the GoL are significantly higher than

the ones from the SS (Figures 5A, B), with the maximum values

from each site being one order of magnitude greater in the GoL.
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Overall, the mean total pteropod fluxes for all the samples in which

pteropods were counted were 54.5 ind m-2 d-2 for the GoL and 12.5

shells m-2 d-2 for the SS.

Finally, in the SS, higher pteropod fluxes were displayed

coincidently with higher chlorophyll-a concentrations and cooler

SST conditions (Figure 5B). In the GoL, higher pteropod fluxes were

not specifically displayed during higher chlorophyll-a

concentrations or either cool or warm SST, however, minimum

pteropod fluxes and months in which no pteropods were identified

(except February and April) coincided with lower chlorophyll-a

values and increasing SST conditions (Figure 5A).
3.4 Interannual variability of pteropod
fluxes in the Gulf of Lions

The eight-year-long sediment trap record of the Planier site

generally shows annual maximum fluxes in either autumn or

winter, while lower values are usually recorded during spring and
A B

FIGURE 5

Seasonal total, soft-body preserved (full) and empty pteropod fluxes (ind m-2 d-1) patterns, monthly relative abundance (%) and standard deviation of
the three pteropods groups and SST (°C) and chlorophyll-a (mg m-3) seasonal concentrations for (A) the GoL and (B) the SS. Note that the GoL data
represents an average year while the SS data stands for the whole period of the study. For the SS fluxes, the months in which more than one flux
value was available, the standard deviation was represented on the second date of the corresponding month (i.e. the standard deviation for
December is shown on the 16th December).
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summer. The maximum value was reached during autumn 2001:

182 shells m-2 d-1, although important variations in the magnitude

and across years were identified. Relative maximum fluxes within

the record were observed in the autumn and winter of 2001-2, 2002-

3 and 2003-4 (Figure 6B). Between autumn 1998 and autumn 2001,

no pteropods were found in the samples except for the summer and

autumn periods of 1999 and 2000, when pulses of 9 to 11 shells m-2

d-1 fluxes were recorded. Note that higher pteropod fluxes were

reached during periods when chlorophyll-a did not display any

particular maximum or minimum concentration, however,

generally, higher pteropod fluxes were observed during low SST

conditions (Figure 6).

In the GoL, cold and northern winds cool the water surface

during winter, generating vertical mixing by dense shelf water

cascading processes (Millot, 1990; Canals et al., 2006; Durrieu de

Madron et al., 2013). This mixing recharges the surface waters with

nutrients and, along with increased solar radiation, favours the

spring productivity bloom (Figure 6). Increasing heat fluxes during

summer cause the water column stratification and the consequent

nutrient depletion, which lasts until late summer to autumn, when

the cool conditions allow a secondary productivity bloom

(Heussner et al., 2006; Rigual-Hernández et al., 2012).
4 Discussion

4.1 The value of sediment trap for
monitoring pteropod dynamics in the
Mediterranean Sea

In the Mediterranean Sea, pteropod data analyzed in sediment

traps is scarce and the only study available did not focus on

population dynamics but rather on the pteropod’s contribution to

the carbon flux (Rutten et al., 2000). For this reason, we compare
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our results with previous work focused on pteropods distribution

using zooplankton net (Bednarsěk et al., 2012b; Rampal, 1975;

Howes et al., 2015; Johnson et al., 2023). The results presented here

showed that, in the GoL, the highest fluxes were recorded during

autumn and the populations were dominated by L. inflata, C.

virgula and C. clava (Figures 3B, 5A). In the SS, pteropod fluxes

and abundance peaks were reached during spring, with L. inflata, C.

virgula and C. conica being the dominant species (Figures 3C, 5B).

The first work that investigated the pteropod’s distribution from a

basin-wide perspective is the thesis manuscript of Rampal (1975),

which showed that in the NW part of the basin, most of the

pteropods appeared during the Autumn period, and the

populations were mainly represented by L. inflata, C. virgula and

C. clava. Despite the low number of individuals, Rampal (1975) also

described that most of the pteropods were found during the winter

and spring periods in the vicinity of the SS. Howes et al. (2015) work

was carried out at Point B in the Ligurian Sea (43.68°N, 7.32°E)

using a zooplankton time series that covered the years 1967 to 2003.

This study showed that most pteropods appeared during autumn

and the majority of the species identified were in agreement with

our findings (i.e. S. subula, C. virgula, L. bulimoides), however, the

dominant species were H. inflatus (L. inflata) for the Limacinidae

type, and C. clava and C. inflexa for the Cavoliniidae type. Finally,

Johnson et al. (2023) work focused on the spring distribution of

pteropods and showed that the dominant species in both the

western and central Mediterranean were H. inflatus (L. inflata), L.

trochiformis, C. acicula (C. clava) and C. inflexa. Overall, the

pteropod data presented here agrees with the previous

observation carried out in the Mediterranean.

Note that no clear pattern was identified on a seasonal scale

concerning the differences between empty and soft-body preserved

shells (Figure 4) in addition to the fact that no studies in the vicinity

of the studied zones here differentiated between these two

categories, no comparison can be made about the intensity of the
A

B

FIGURE 6

(A) Chlorophyll-a (mg m-3) and SST (°C) across the period studied in the GoL. (B) pteropods total, soft-body preserved (full) and empty fluxes (ind m-

2 day-1) for the corresponding period.
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predation nor the amount of sinking pteropods captured by the

sediment traps.

Finally, the distance of the C01 sediment trap to the seafloor is

around 30m (see section 2.1). To estimate the effect of resuspended

material entering into the sediment trap, we hereby approach the

presence of benthic foraminifera. The most abundant species were

Textularia spp. and Bulimina marginata (Béjard et al., 2024; under

review). These species are considered infaunal, i.e. they live buried

in the sediment and are considered abundant in continental slopes

(Milker and Schmiedl, 2012; Balestra et al., 2017). Although these

organisms have been identified constantly during the sampling (see

Supplementary Data), they reached their maximum abundances

during summer from early June to mid-September (Béjard et al.,

2024; under review). On a seasonal scale, the deep circulation

remains relatively stable in the Sicily Strait showing a dominance

of the Levantine Intermediate Water (LIW), however, during

summer, an upwelling settles in the Sicily Strait, allowing the LIW

to reach shallower waters (Lermusiaux and Robinson, 2001;

Béranger et al., 2004). During this period, the pteropod

population showed a lower amount of specimens (Figure 3C) but

the species identified and their seasonal distribution remained

similar (Figures 3C, 5B). Therefore we consider that the C01

sediment trap collected resuspended material without

substantially affecting the pteropod population distribution.

Then, although sediment traps are not widely used in the

Mediterranean for documenting seasonal trends and composition

(Rutten et al., 2000), the comparison with different datasets from

surrounding regions allowed us to consider this pteropod

data reliable.
4.2 Composition and seasonality of
pteropod assemblages in the NW and
central Mediterranean Sea

The three dominant species identified in the GoL (L. inflata, C.

virgula and C. clava) accounted for around 70% of the total

pteropods collected there. In the SS, the dominant species

accounted for 75% of the total pteropods identified (Figure 3A).

Pteropod fluxes were one order of magnitude higher in the GoL.

This difference in the magnitude of the pteropod fluxes found

between the NW and the central Mediterranean agrees with recent

work (Johnson et al., 2023). The latter study showed that the

abundances of pteropods collected using a net during the spring

were significantly more important in the western part of the basin

than in the SS (although no station was located in the exact vicinity

of the GoL).

L. inflata (Figure 2) contributed to 39 and 49% of the annual

total pteropod fluxes identified in the GoL and the SS, respectively.

It appeared mainly in autumn and winter (Figure 5A) in the GoL

and during spring in the SS (Figure 5B), while it was very rare in

summer in both sites (Figures 5A, B). This taxon is considered a

cosmopolitan species and is one of the most common warm-water

pteropods in the tropical and subtropical regions of all oceans

(Burridge et al., 2017). It is also the best represented pteropod across

the Mediterranean Sea (Batistic, 2004; Granata et al., 2020). Even
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though it has been theorized that it presents a high tolerance for

low-productivity environments (Stubbings, 1936), it has also been

shown that it presents an opportunistic behaviour and develops

massively in upwelling regions, when nutrient and food conditions

are favourable (Wormuth, 1985). As described previously, the GoL

is considered one of the few non-oligotrophic regions in the

Mediterranean due to the seasonal water mixing (Durrieu de

Madron et al., 2005) that takes place in late winter, spring and

late summer (Heussner et al., 2006) which allows bloom and

increased productivity conditions. On the other hand, the SS is

the sill that separates the eastern and western Mediterranean basins,

therefore, it is a key point for the regional and basin-wide

circulation regime. During summer, eastern basin waters

dominate the circulation bringing warm and nutrient-depleted

conditions, while during winter and spring, western basin waters

(related to Atlantic waters) bring cool and nutrient and chlorophyll-

enriched waters into the strait (Rinaldi et al., 2014; Jebri et al., 2017).

The seasonal patterns suggested by the Planier and C01 traps are

consistent with the observations of Rampal (1975) in the GoL and

the vicinity of the SS. The latter author documented peak

abundances of this species in autumn (Rampal, 1975) and

attributed the decrease in the abundance during winter associated

with its migration to the southern part of the Gulf. Moreover, the

low fluxes of L. inflata in summer and spring during the nine-year

record suggests that this species tends to avoid the regional extreme

temperature conditions of the GoL. Therefore, a combination of

favourable food and temperature conditions during the autumn

upwelling could favour the L. inflata blooms, while the summer

stratification and impoverished waters force it to migrate

southward. Concerning the SS, our data showed that this taxon is

more abundant during winter and spring, which is in accordance

with the observations by Rampal (1975). This pattern coincides

with the entrance of western cool and nutrient-enriched Atlantic

waters in the strait. Overall, our data suggest that L. inflata could be

associated with western basin waters in the SS, and appears

preferably when food and SST conditions are favourable (similar

to the GoL), which agrees with recent work (Johnson et al., 2023).

Creseis virgula (Figure 2) contributed to 17% of the annual

pteropod fluxes in the GoL, while it represented 11.3% in the SS.

This taxon appeared during autumn to early winter in the GoL and

the SS, while its presence in spring and summer in both sites is low.

C. virgula is considered a tropical to subtropical species widely

distributed in the Atlantic Ocean (Burridge et al., 2017), however,

few details concerning its life cycle have been studied. It tends to

show some preference for deep waters and it has been described to

display strong diel vertical migrations (Tarling et al., 2001; Granata

et al., 2020). Rampal (1975) documented that during winter it

migrates to the southern part of the NW Mediterranean basin.

Based on all the above, we suggest that, in the northwestern

Mediterranean, it tends to appear during a combination of

enhanced food conditions and cool SST, while in summer and

winter, it tends to migrate southward of the basin due to the lack of

food. These observations also agree with our data from the SS, as

this taxon is nearly absent during late spring and summer when

eastern Mediterranean warm and oligotrophic wasters dominate the

circulation in the strait. However, these results contrast with
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previous work that linked this taxon to warm SST in tropical to

subtropical environments.

Creseis clava (Figure 2) represented 13.5% of the annual

pteropod fluxes in the GoL, while, in the SS, it still represented

6.8% of the seasonal flux. It appears mainly in autumn (Figure 3) in

the GoL, while it only appears in winter and spring in the SS,

although its abundance was lower. Regarding its ecology, C. clava

has been described as a cosmopolitan species (Wall-Palmer et al.,

2014), however, studies that focus on its life cycle are scarce,

therefore it is difficult to establish its ecological preferences. It

tends to prefer warm waters (Albergoni, 1975), it has been

reported as a typical upwelling taxon (Thiede and Jünger, 1992)

and recent blooms of this species have been described in the South

China Sea and linked to enhanced chlorophyll-a and lower salinity

conditions (Dai et al., 2020). It has also been documented as

abundant in subtropical gyres in the Atlantic Ocean (Burridge

et al., 2017). Regarding the Mediterranean basin, Rampal (1975)

described that this species appears to follow an “invasion” strategy

larvae reach the adult age around mid-October and dominate the

assemblages until the end of November when it nearly disappears

(Rampal, 1975). Our data agrees well with the upwelling/invasion

strategy, as its maximum fluxes were recorded during two months

from October to late December, which coincided with favourable

food conditions. It also agrees with the quick disappearance

strategy, as it is nearly absent during late winter and summer. We

suggest that the food scarcity and the cool SST could force it to

migrate southward.

Finally, C. conica contributed to around 12% and a non-

negligible 6.5% of the annual total pteropod fluxes from the SS

and the GoL, respectively. In the SS, it appeared mainly during

winter and early spring. Details about its life cycle are scarce, but it

has been described as a subtropical taxon with a high tolerance for

low-production environments. In the SS, maximum stocks of this

species were observed during relatively cool SSTs.

Limacina inflata, C. virgula and C. clava tend to appear together

and dominate the assemblages in the western Mediterranean, while,

in the central Mediterranean, C. clava is replaced by C. conica.

These observations agree with previous work carried out in the

same regions (Rampal, 1975; Johnson et al., 2023). Here we propose

that these trends are likely associated with the taxa-specific life cycle

in addition to favourable environmental conditions. Our data

showed that enhanced chlorophyll-a concentrations seem to

affect positively all the dominant species in both the GoL and the

SS on a seasonal scale. In contrast, the highest abundances of

the latter species were observed during cool SST conditions,

which are displayed coincidently with upwelling conditions in the

GoL. This is an unexpected trend taking into account that the main

three taxa are considered to be tropical to sub-tropical species.

Therefore, here we theorise that, on a seasonal scale, food

availability may play a major role in pteropod population

dynamics in the NW and Central Mediterranean. In addition, the

combined dominance of L. inflata and Creseis type taxons is also

considered widespread in the Mediterranean (Rampal, 1975),

especially in the easternmost part of the basin (Almogi-Labin

et al., 1986; Violanti et al., 1991).
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4.3 Environmental controls on the
interannual distribution of pteropod fluxes
in the NW Mediterranean

The interannual and geographical distributions of pteropods

have been compared with a wide array of environmental parameters

(Manno et al., 2007; Comeau et al., 2009; Ohman et al., 2009;

Howard et al., 2011; Johnson et al., 2023, 2017; Roberts et al., 2014).

Generally, their abundance is positively linked with enhanced food

and nutrient supply, aragonite state saturation, and salinity.

Conversely, high CO2 concentration, extreme (high and low)

SSTs and acid pH conditions have proved to affect negatively the

pteropod populations (Comeau et al., 2009; Lischka et al., 2011;

Busch et al., 2014).

The SST is well documented as one of the main factors affecting

the zooplankton distribution, however, their correlation with this

parameter tends to be unpredictable and complex (Richardson,

2008). Previous work in the Mediterranean (Howes et al., 2015) and

in the North Atlantic (Beaugrand et al., 2012) identified

temperature as one of the main drivers of pteropods distributions,

and, depending on the taxons, higher SSTs generally being linked to

greater pteropods abundances. Surprisingly, the SST data displayed

no clear correlation with the pteropods fluxes in the GoL (Figure 6

and Table 1), while in the SS (on a seasonal scale), higher fluxes

were displayed during lower SSTs, highlighting a potential positive

effect of cool conditions on pteropods fluxes (Figure 7).

The seasonal amplitude of SST in the Mediterranean Sea is about

10°C, which are variations likely to be experienced by all of the

pteropod population during their life cycle. Taking into account the

rapid warming (an increase of 1.5-2°C by the end of the century) of

the Mediterranean (Lazzari et al., 2014), recent SST trends effects on

pteropod populations should be investigated in further studies.

Based on all the above, we speculate that future trends regarding

SST could affect the species diversity and accentuate the dominance

of subtropical and tropical and low-productivity adapted taxons

such as L. inflata, C. virgula or C. clava.

Therefore, as the previous two parameters did not display any

significant correlation with the GoL pteropod (Figure 7), other

parameters than the ones considered here affect the pteropod

distribution in the GoL (Table 1).

Salinity data from the DYFAMED site displayed values between

38.2 and 38.5 PSU, with very small seasonal variations. These values

are considered within a normally accepted range for pteropod

communities (Han et al., 2022). In our study, salinity showed a

negative correlation with all pteropod fluxes (Table 1). This is an

unexpected trend as only very low salinities have been shown to

negatively affect pteropods distributions. However, this data is in

accordance with previous work in the Mediterranean (Johnson

et al., 2023) that found C. clava (among other species) to be

negatively correlated to salinity.

As the pteropod shell is made of aragonite, a metastable form of

calcite (Mucci et al., 1989), variations in the aragonite saturation

state (War) can affect their calcification (Roger et al., 2012) and

abundance (Mekkes et al., 2021). Numerous studies have positively

linked the War with pteropods distributions, abundances and shell
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thickness in different parts of the global ocean (Singh et al., 2005;

Comeau et al., 2009; Roger et al., 2012; Bednarsěk et al., 2014; Moya

et al., 2016; Howes et al., 2017; Manno et al., 2019). Overall, the

Mediterranean is considered to be supersaturated regarding

aragonite (Álvarez et al., 2014), with values of 2.9-3.7 in the GoL,

therefore, the positive and significant correlation (Table 1) between

the pteropod fluxes and War highlights the possible impact of this

parameter on pteropod populations here (Figure 7).

In addition to the previously mentioned environmental

parameters, biological behaviour can also affect pteropod

distribution on interannual patterns. Factors outside of the scope

of this study such as vertical migration linked to reproduction (Lalli

and Gilmer, 1989; Willis et al., 2006) or trophic regimes can also

affect substantially pteropods population dynamics (Maas et

al., 2012).

Finally, although no clear pattern was identified when

comparing empty and soft-body preserved shells (Figure 4), a

change in the trophic regimes and the predation intensity could

also play a role on an interannual scale in the GoL.
4.4 Soft-body and empty shells as a
pteropod mortality indicator

Generally, soft-body preserved individuals are considered

carcasses, while empty shells are considered dead individuals.

Also, pteropods are involved in the carbon export from the

surface to the deeper ocean. On the one hand, their shells

contribute to the particulate inorganic carbon (PIC) flux, on the

other hand, their soft-body/cytoplasm contributes to the particulate

organic carbon (POC) flux (Heinze et al., 1991). These two transfer

mechanisms result in a pteropod contribution to both the biological

carbon pump that reduces the atmospheric CO2 due to the

production of organic matter and its subsequent export to the

deep ocean; and the carbonate counter pump that increases surface
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ocean CO2 and counteracts the carbon export to the deep ocean.

Therefore, and as described previously, separating between soft-

body preserved and empty pteropod shells is crucial and the

biogeochemical importance of the aragonite produced by

pteropods has been studied on both global and regional scales

(Bednarsěk et al., 2014; Manno et al., 2018, 2019; Tyrrell, 2007). In

our study, soft-body preserved individuals were dominant in both

studied sites, however, empty shells were non-negligible and

accounted for a mean 38% of the total individuals in the GoL and

31% in the SS (Figure 4). As identifying the mortality cause of

zooplankton populations is difficult, especially in this part of the

ocean where similar data to compare our results is non-existent, we

hereby speculate about the possible parameters that may affect the

mortality of pteropods.

Firstly, the amount of empty shells can be discussed as the result

of the environmental conditions of the water column. In the GoL, a

higher amount of carcasses was identified during March 1996, May

2003 and August 2003 (Figure 4), which coincided with low

concentrations of chlorophyll-a values) and relatively cool SST

conditions (Figure 6). Our seasonal correlation data (see

Supplementary Data) showed that empty carcasses are negatively

correlated with the chlorophyll-a concentration (r= -0.77, p< 0.05).

This can be interpreted as a negative effect of favourable food

conditions on pteropod mortality. However, no such effect of SST

on empty pteropods was observed. In addition, parameters discussed

previously such as aragonite saturation state (2.9-3.7) also displayed a

positive correlation with the empty shells, but also with the soft-body

preserved individuals, similar to the environmental effect on the

pteropod fluxes (Table 1). Note that, the link between carbonate state

saturation, SST and food availability with the pteropod mortality has

not been yet described in an open environment (Gazeau et al., 2013).

In the SS, 4 samples showed a 50% of empty shells (Figure 4). Even

though the time interval studied differed, a higher proportion of

carcasses (Figure 4) were identified coincidently with higher

chlorophyll-a concentrations (Figure 6) and cool SST conditions.
FIGURE 7

Detrended CCA for the 3 pteropod aggrupations fluxes, the satellite data [chlorophyll-a and SST (°C)] and the DYFAMED site data (nitrates
concentration (mmol/kgSW), salinity (PSU) and WAr). The score and eigenvalues can be found in the Supplementary Data.
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Correlations with these two parameters (see Supplementary Data)

showed that empty pteropods correlated positively and significantly

with the chlorophyll-a (r= 0.58, p< 0.05) but negatively with the SST

(r=-0.48, p> 0.05). Here we speculate that in the SS, as the favourable

food conditions are associated with the cold Atlantic waters coming

into the SS (Béranger et al., 2004), they play a negative role in the

pteropod survival. This is not surprising as, in the Mediterranean, a

greater diversity and overall pteropod abundance has been described

in the eastern basins (Johnson et al., 2023).

Secondly, the proportion of empty shells can also be discussed

as the result of trophic regimes such as successful attacks by their

main predator, the previously mentioned gymnosomata C.

limacine. Interestingly, no individuals of the latter species were

identified in our samples, which, in this case, is in accordance with

the soft-body preserved individuals dominance.

Overall, our results are in contrast with the ones from

Zamelczyk et al. (2021) work, in which the empty shells

dominated the pteropod assemblages. Although the latter study

was carried out in the Barents Sea, in a seasonally ice-covered

environment, our work agrees with the negative effect of cool SST

and a positive effect of food availability on the pteropod survival.
5 Conclusion

The analyses of Planier and C01 sediment traps samples allowed

us to document thecosome pteropod seasonal variability in both the

Gulf of Lions (NW Mediterranean) and the Sicily Strait (Central

Mediterranean) during the years 1996 to 2004 and 2013 to

2014 respectively.

A total of 843 pteropod individuals were counted and 18 different

species were identified. L. inflata, C. virgula were the two most

abundant taxa, while C. clava and C. conica were the third most

abundant ones in the Gulf of Lions and the Sicily Strait, respectively.

These species represented around 70% of the total individuals

identified in both sites. Overall, the pteropods species were similar

between the two studied sites. In the Gulf of Lions, maximum fluxes

occurred while in the Sicily Strait peak fluxes occurred in winter. In

both sites, summer was the period that showed minimum pteropods

occurrences. Total pteropod fluxes were significantly higher in the

Gulf of Lions than in the Sicily Strait: with mean seasonal values of

54.5 and 12.5 ind m-2 d-1 and the maximum values being one order of

magnitude greater in the NW Mediterranean.

Although the use of sediment traps to document pteropod

variability is not widely used, the comparison of our seasonal and

interannual trends agrees with previous work in the Mediterranean.

In the SS, higher pteropod fluxes were displayed during high

chlorophyll-a and low SST conditions, showing the possible

impact of favourable food conditions on pteropod distributions.

In the GoL, the relationship with these parameters was not

straightforward, highlighting the potential impact of parameters

such as salinity andWar. Finally, the comparison between empty and

soft-body preserved pteropod shells showed a dominance of the

latter, highlighting the effect of factors such as the SST and the food

availability on the pteropod population survival.
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As pteropods represent an important component of marine

ecosystems and biogeochemical cycles, documenting their

distribution across seasonal and interannual scales is relevant.

Our results call for increasing the monitoring of pteropod

populations in the Mediterranean Sea to improve our

understanding of the potential impact on these organisms of

rapid environmental change.
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